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FIG. 14
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1
RADAR APPARATUS

BACKGROUND

1. Technical Field

The present invention relates to a radar apparatus which
detects a target by receiving a signal of reflection waves
reflected by the target with an antenna.

2. Description of the Related Art

Radar apparatuses are devices for measuring a distance
between a target and a measuring place, a direction of the
target from the measuring place, and other items by radiating
radio waves to the space from the measuring place and receiv-
ing a signal of reflection waves reflected by the target. In
particular, in recent years, radar apparatuses which can detect
targets including not only automobiles but also pedestrians
etc. by a high-resolution measurement using short-wave-
length radio waves such as microwaves or millimeter waves
have been being developed.

There may occur a case that a radar apparatus receives a
signal that is a mixture of reflection waves coming from a
nearby target and reflection waves coming from a distant
target. In particular, where range sidelobes occur due to the
autocorrelation characteristic of a signal of reflection waves
coming from a nearby target, a reception signal of a radar
apparatus includes these range sidelobes and a main lobe of
reflection waves coming from a distant target in mixture, as a
result of which the accuracy of detection of the distant target
is lowered in the radar apparatus.

When an automobile and a pedestrian are located at the
same distance from a measuring place, a radar apparatus may
receive a signal that is a mixture of signals of reflection waves
coming from the automobile and the pedestrian which have
different radar cross sections (RCSs). It is said that in general
the radar cross section of a pedestrian (human) is smaller than
that of an automobile. Therefore, radar apparatuses are
required to properly receive not only reflection waves coming
from an automobile but also reflection waves coming from a
pedestrian even if they are located at the same distance from
a measuring place.

Therefore, radar apparatuses which are required to be able
to perform a high-resolution measurement on plural targets as
mentioned above are also required to transmit pulse waves or
pulse modulation waves having such a characteristic that
range sidelobe levels are made lower (hereinafter referred to
as a low range sidelobe characteristic). Such radar appara-
tuses are further required to have a wide reception dynamic
range for a reception signal.

In connection with the above-described low range sidelobe
characteristic, pulse compression radars are known which
transmits pulse waves or pulse modulation waves which use a
complementary code and have a low range sidelobe charac-
teristic. The pulse compression is a method of transmitting a
signal having a large pulse width obtained by pulse-modulat-
ing or phase-modulating a pulse signal and demodulating a
received signal into a signal having a narrow pulse width in
post-reception signal processing. The pulse compression can
make it possible to increase the target detection distance and
increase the detection distance estimation accuracy.

The complementary code is a code which comprises plural
(e.g., two) complementary code sequences (a,,, b,) (param-
etern=1, 2, ..., L). The complementary code has a property
that range sidelobes are made zero when autocorrelation cal-
culation results, equalized in a shift time T, of the one comple-
mentary code sequence a,, and the other complementary code
sequence b,, are added together. The parameter L. represents a
code sequence length or merely a code length.

20
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A complementary code generating method will be dis-
closed with reference to FIG. 13. FIG. 13 is an explanatory
diagram showing a procedure for generating general comple-
mentary code sequences. As shown in FIG. 13, subcode
sequences (c, d) having elements “1” and “~1” and a pulse
code length I.=27"! are generated according to the statements
on lines 4 and 5 and complementary code sequences (a, b)
having a pulse code length [.=27 are further generated accord-
ing to the statements on lines 6 and 7. The one complementary
code sequence a is a connection of the subcode sequences ¢
and d. The other complementary code sequence b is a con-
nection of the subcode sequences ¢ and —d.

The symbol (a, b) represents the complementary code
sequences and (c, d) represents the subcode sequences con-
stituting each complementary code sequence. The parameter
p determines the code length L of the generated complemen-
tary code sequences (a, b).

Characteristics of the above complementary code will be
described with reference to FIG. 14. FIG. 14 is explanatory
diagrams showing characteristics of a conventional comple-
mentary code. In FIG. 14, (a) is an explanatory diagram
showing an autocorrelation calculation result of the one
complementary code sequence a,. In FIG. 14, (b) is an
explanatory diagram showing an autocorrelation calculation
result of the other complementary code sequence b,,. In FIG.
14, (c) is an explanatory diagram showing addition values of
the autocorrelation calculation results of the two respective
complementary code sequences (a,,, b,,). The code length L of
the complementary code shown in FIG. 14 is equal to 128.

Between the two complementary code sequences (a,, b,)),
an autocorrelation calculation result of the one complemen-
tary code sequence a,, is calculated according to Equation (1).
An autocorrelation calculation result of the other comple-
mentary code sequence b,, is calculated according to Equation
(2). The parameter R represents an autocorrelation calcula-
tion result. It is assumed that each of the complementary code
sequences a,, and b, is zero when n>L or n<1 (i.e., a,=0 and
b,=0 when n>L orn<1). The asterisk * is a complex conjugate
operator.

[Formula 1]

®
Roa(T) =

n

L
"
it

=1

[Formula 2]

L @
Res(D) = D babir
n=1

As shown in (a) in FIG. 14, the autocorrelation calculation
result R, (t) of the one complementary code sequence a,,
calculated according to Equation (1) has a peak when the shift
time T is equal to 0 and has range sidelobes for the shift time
T being not equal to 0. Likewise, as shown in (b) in FIG. 14,
the autocorrelation calculation result R,,(t) of the other
complementary code sequence b, calculated according to
Equation (2) has a peak when the shift time T is equal to 0 and
has range sidelobes for the delay time T being not equal to 0.

As shown in (¢) in FIG. 14, the addition values of the
autocorrelation calculation results R (t) and R, ,(T) have a
peak (in the following description, a peak occurring when the
shift time T is equal to 0 will be referred to as a main lobe)
when the shift time (delay time) T is equal to 0 and have no
range sidelobes (i.e., have values 0) for the shift time T being



US 9,217,790 B2

3

not equal to 0. This is expressed as Formulae (3). In FIGS.
14(a)-14(c), the horizontal axis represents the shift time T
which is used in the autocorrelation calculation and the ver-
tical axis represents the calculated autocorrelation calculation
result.

[Formulae 3]
R, (T)+R;,(T)=0, when 1=0

R, (T)+R;,(t)=0, when =0 3)

Next, a reception dynamic range of a pulse compression
radar as an example of the above kind of radar apparatus when
plural targets are detected by the pulse compression radar will
be described with reference to FIG. 15. FIG. 15 is a concep-
tual diagram illustrating a reception dynamic range of a radar
receiving unit when plural targets TR1, TR2, and TR3 are
detected by a conventional pulse compression radar apparatus
1z. As shown in FIG. 15, the pulse compression radar appa-
ratus 1z transmits a transmission signal having a pulse width
Tp and a pulse compression code length L. in such a manner as
to continue transmission of a pulse sequence during a pulse
sequence transmission interval T. Equation (4) holds between
the pulse sequence transmission interval T, the pulse width
Tp, and the pulse compression code length L:

[Formula 4]

T=TpxL 4

As shown in FIG. 15, assume that a target TR2 exists at a
position having a distance R from the pulse compression
radar apparatus 1z and targets TR1 and TR3 exist within a
distance range [R-(cT/2), R+(cT/2)]. In this case, a (reflec-
tion) signal RS2 which is reflection waves coming from the
target TR2 overlaps with (reflection) signals RS1 and RS3
which are reflection waves coming from the other targets TR1
and TR3 existing in the distance range [R-(cT/2), R+(cT/2)].
The parameter c is the speed of light (m/s).

Therefore, to suppress degradation of the distance mea-
surement accuracy of the pulse compression radar apparatus
1z, a reception dynamic range is necessary which enables
proper reception of each of the reception wave signals RS1-
RS3 which come from the respective targets TR1-TR3 and
include overlap portions. If the pulse compression radar appa-
ratus 1z does not have a proper reception dynamic range, the
peak level lowers and the range sidelobe level increases when
pulse compression is done, resulting in reduction in the mea-
surement accuracy of distances of the targets TR1-TR3.

In measurements by conventional radar apparatuses, the
distance propagation loss is proportional to the forth power of
the distance. Therefore, as the pulse compression code length
L becomes greater, the processing gain of the pulse compres-
sion increases and the measurable distance range increases.
However, as the pulse compression code length [ becomes
greater, the reception dynamic range that is necessary for
reception increases. The radar equation produces a conclu-
sion that a dynamic range that is necessary for reception of
signals coming from plural nearby targets (within about 30 m)
is wider than a dynamic range that is necessary for reception
of signals coming from plural distant targets (more distant
than about 30 m).

The distributed compression type pulse echo system trans-
ceiver disclosed in Patent document 1 is known as a device
which relates to the above-described reception dynamic
range, more specifically, adevice which suppresses the recep-
tion dynamic range while increasing the measurable distance
range.
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This distributed compression type pulse echo system trans-
ceiver transmits, time-divisionally, high-frequency signals
modulated according to pulse compression codes that are
code sequences having different code lengths, respectively, in
respective modes (B mode and Doppler mode). More specifi-
cally, in the B mode, this transceiver transmits a high-fre-
quency signal for a short-distance range that is modulated
according to a code (code sequence) having a short pulse code
length. In the Doppler mode, this transceiver transmits a
high-frequency transmission signal for a medium to long-
distance range that is modulated according to a code (code
sequence) having a large pulse code length. In this manner,
different kinds of transmission pulses can be used according
to the distance range of a measurement subject, whereby
pulse echoes due to a nearby, fast-moving target can be
reduced.

The testing instruments disclosed in Patent document 2 and
3 are known as testing instruments for completely eliminating
interfering echoes by transmission signals generated using a
complementary code.

This type of testing instrument generates plural transmis-
sion signals having a prescribed code length using comple-
mentary code sequences or plural auxiliary sequences and
drives plural probes in predetermined order by these trans-
mission signals. The testing instrument generates reference
signals according to the code sequences by a reference signal
generator. Furthermore, the testing instrument performs cor-
relation processing on plural echoes received by the plural
probes by a correlator using the plural reference signals, and
adds processing results together. As a result, interfering ech-
oes can be prevented from affecting a test result and the
signal-to-noise ratio can be increased.

PRIOR ART DOCUMENTS
Patent Documents

Patent document 1: JP-A-10-268040
Patent document 2: JP-A-4-127054
Patent document 3: JP-A-4-289453
Summary of the Invention

BRIEF SUMMARY
Problems to be Solved by the Invention

However, as shown in (a) in FIG. 16, in the case where as
disclosed in Patent document 1 a code sequence W having a
short pulse code length and code sequences V1 and V2 having
large pulse code lengths are transmitted at the same transmis-
sion cycle, a problem arises that the accuracy of a measure-
ment that is to follow a moving target is lowered when the
code sequence W is transmitted. FIG. 16 is explanatory dia-
grams showing example transmission cycles of the conven-
tional distributed compression type pulse echo system trans-
ceiver disclosed in Patent document 1. In FIG. 16, (a) is an
explanatory diagram showing a case that the short code
sequence W and the long code sequences V1 and V2 are
transmitted at the same transmission cycle. In FIG. 16, (b) is
an explanatory diagram showing a case that the short code
sequence W is transmitted at a shorter transmission cycle than
the long code sequences V1 and V2.

As shown in (a) in FIG. 16, while the code sequence W for
a short-distance range having the short pulse code length is
transmitted, the code sequences V1 and V2 for a medium to
long-distance range (out of the distance range concerned)
having the long pulse code lengths are also transmitted at the
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same transmission cycle Tm as the former. Therefore, while
the code sequence W for a short-distance range having the
short pulse code length is transmitted, an extra time is con-
sumed for a measurement in the other measurement distance
range, that is, the medium to long-distance range, resulting in
the above-described problem.

On the other hand, where as shown in (b) in FIG. 16 the
transmission cycle Tn of the code sequence W for a short-
distance range having the short pulse code length is shorter
than the transmission cycle Tm of the code sequences V1 and
V2 for the other, medium to long-distance range having the
long pulse code lengths, a signal of reflection waves of the
code sequence W concerned may be mixed into a signal in the
next transmission cycle Tm. In this case, inter-code interfer-
ence occurs between a signal of reflection waves of the code
sequence W concerned having the short pulse code length and
a transmission signal, in the next transmission cycle Tm, of
the code sequence V1 having the long pulse code length,
depending on their cross-correlation characteristic. As a
result, the reception SNIR (signal to noise interference ratio,
signal to noise plus interference power ratio) of the radar
apparatus and hence its measurement accuracy is lowered.

In Patent document 2 or 3, it is assumed that plural trans-
mission signals are generated using respective pulse com-
pression codes having the same code length and that the
transmission signals have the same transmission cycle.
Therefore, the transmission signals are transmitted in the
same manner as shown in (a) in FIG. 16, resulting in the
above-described problem.

The present invention has been made in the above circum-
stances, and an object of the present invention is to provide a
radar apparatus which makes a measurement time that is
necessary for a measurement involving plural measurement
distance ranges shorter than in conventional cases while
increasing the measurement distance range by suppressing
inter-code interference, if any, due to mixing of reflection
waves of a transmission code having a short transmission
cycle into a signal in the ensuing, long transmission cycle.

Means for Solving the Problems

The invention provides a radar apparatus of the above kind
comprising a transmission signal generator for generating a
first transmission signal in a first transmission cycle by modu-
lating a first code sequence, generating a second transmission
signal in a second transmission cycle by modulating a second
code sequence, generating a third transmission signal in a
third transmission cycle having the same length as the first
transmission cycle by modulating a third code sequence
which is obtained by inverting the sign of individual codes of
the first code sequence, and generating a fourth transmission
signal in a fourth transmission cycle by modulating the sec-
ond code sequence; and an RF transmitter for converting the
first, second, third, and fourth transmission signals generated
by the transmission signal generator into respective high-
frequency transmission signals, and transmitting the high-
frequency transmission signals from a transmission antenna.

Advantageous Effects of the Invention

The radar apparatus according to the invention can make a
measurement time that is necessary for a measurement
involving plural measurement distance ranges shorter than in
conventional cases while increasing the measurement dis-
tance range by suppressing inter-code interference, if any, due
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to mixing of reflection waves of a transmission code having a
short transmission cycle into a signal in the ensuing, long
transmission cycle.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a block diagram showing the internal configura-
tion of a radar apparatus according to a first embodiment.

FIG. 2 is a timing chart illustrating how the radar apparatus
according to the first embodiment operates; (a) in FIG. 2 is an
explanatory diagram showing transmission cycles Ta, trans-
mission cycles Tb, and transmission codes used in the respec-
tive transmission cycles, (b) in FIG. 2 is an explanatory dia-
gram showing measurement intervals, and (¢) in FIG. 2 is an
explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k , and k,, respec-
tively.

FIG. 3 is a block diagram showing the internal configura-
tion of another transmission signal generator.

FIG. 4 is explanatory diagrams showing a calculation
result of cross-correlation between a transmission code A
having a short code length and a transmission code B1 having
along code length; (a) in FIG. 4 shows a calculation result of
cross-correlation between the transmission code A and the
transmission code B1, (b) in FIG. 4 shows a calculation result
of cross-correlation between the transmission code —A and
the transmission code B1, and (¢) in FIG. 4 shows an addition
result of the calculation result of cross-correlation between
the transmission code A and the transmission code B1 and the
calculation result of cross-correlation between the transmis-
sion code—A and the transmission code B1.

FIG. 5 is a block diagram showing the internal configura-
tion of a radar apparatus according to a second embodiment.

FIG. 6 is a timing chart illustrating how the radar apparatus
according to the second embodiment operates; (a) in FIG. 6 is
an explanatory diagram showing transmission cycles Ta,
transmission cycles Tb, and transmission codes used in the
respective transmission cycles, (b) in FIG. 6 is an explanatory
diagram showing measurement intervals, and (c) in FIG. 6 is
an explanatory diagram showing relationships between trans-
mission cycles Ta and Tb and discrete times k , and k,, respec-
tively.

FIG. 7 is a timing chart illustrating how the radar apparatus
according to the second embodiment operates in the case
where a parameter Zd=1 and a parameter Ze=1; (a) in FIG. 7
is an explanatory diagram showing transmission cycles Ta,
transmission cycles Tb, and transmission codes used in the
respective transmission cycles, (b) in FIG. 7 is an explanatory
diagram showing measurement intervals, and (c) in FIG. 7 is
an explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k , and k,, respec-
tively.

FIG. 8 is a timing chart illustrating how the radar apparatus
according to the second embodiment operates in the case
where a parameter Zd=2 and a parameter Ze=2; (a) in FIG. 8
is an explanatory diagram showing transmission cycles Ta,
transmission cycles Tb, and transmission codes used in the
respective transmission cycles, (b) in FIG. 8 is an explanatory
diagram showing measurement intervals, and (c) in FIG. 8 is
an explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k , and k,, respec-
tively.

FIG. 9is atiming chart illustrating how a radar apparatus of
afirst example operates in which a code sequence C that is not
one of code sequences constituting a complementary code is
used as a code sequence having a large code length; (a) in FI1G.
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9 is an explanatory diagram showing transmission cycles Ta,
transmission cycles Tb, and transmission codes used in the
respective transmission cycles, (b) in FIG. 9 is an explanatory
diagram showing measurement intervals, and (c) in FIG. 9 is
an explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k, and k,, respec-
tively.

FIG. 10 is a block diagram showing the internal configu-
ration of the radar apparatus of the first example in which a
code sequence C that is not one of code sequences constitut-
ing a complementary code is used as a code sequence having
a large code length.

FIG. 11 is a timing chart illustrating how a radar apparatus
of'a second example operates in which a code sequence C that
is not one of code sequences constituting a complementary
code is used as a code sequence having a large code length; (a)
in FIG. 11 is an explanatory diagram showing transmission
cycles Ta, transmission cycles Tb, and transmission codes
used in the respective transmission cycles, (b) in FIG. 11 is an
explanatory diagram showing measurement intervals, and (c)
in FIG. 11 is an explanatory diagram showing relationships
between transmission cycles Ta and Tb and discrete times k,
and k,, respectively.

FIG. 12 is a block diagram showing the internal configu-
ration of the radar apparatus of the second example in which
a code sequence C that is not one of code sequences consti-
tuting a complementary code is used as a code sequence
having a large code length.

FIG. 13 is an explanatory diagram showing a procedure for
generating general complementary code sequences.

FIG. 14 is explanatory diagrams showing characteristics of
a conventional complementary code; (a) in FIG. 14 is an
explanatory diagram showing an autocorrelation calculation
result of one complementary code sequence, (b) in FIG. 14 is
an explanatory diagram showing an autocorrelation calcula-
tion result of the other complementary code sequence, and (c)
in FIG. 14 is an explanatory diagram showing addition values
of'the autocorrelation calculation results of the two respective
complementary code sequences.

FIG. 15 is a conceptual diagram illustrating a reception
dynamic range of a radar receiving unit when plural targets
are detected by a conventional pulse compression radar.

FIG. 16 is explanatory diagrams showing example trans-
mission cycles of a conventional distributed compression
type pulse echo system transceiver; (a) in FIG. 16 is an
explanatory diagram showing a case that a short code
sequence and long code sequences are transmitted at the same
transmission cycle and (b) in FIG. 16 is an explanatory dia-
gram showing a case that the short code sequence is transmit-
ted at a shorter transmission cycle than the long code
sequences.

DETAILED DESCRIPTION

Embodiments of the present invention will be hereinafter
described with reference to the drawings. In a certain trans-
mission cycle, a radar apparatus according to each of the
following embodiments transmits a high-frequency signal for
a short-distance range (i.e., for detection of a nearby target)
that is pulse-modulated using a code sequence having a short
code length. In another transmission cycle, the radar appara-
tus transmits a high-frequency signal for a long-distance
range (i.e., for detection of a distant target) that is pulse-
modulated using a code sequence having a long code length.

In the following description, a reception signal that is
received by the radar apparatus includes a signal of reflection
waves produced as a result of reflection, by a target, of a
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high-frequency signal transmitted from the radar apparatus
and noise signals produced around the radar apparatus.

Embodiment 1

The configuration and operation of a radar apparatus 1
according to a first embodiment will be described with refer-
ence to FIGS. 1 and 2. FIG. 1 is a block diagram showing the
internal configuration of the radar apparatus 1 according to
the first embodiment. FIG. 2 is a timing chart illustrating how
the radar apparatus 1 according to the first embodiment oper-
ates. In FIG. 2, (a) is an explanatory diagram showing trans-
mission cycles Ta, transmission cycles Th, and transmission
codes used in the respective transmission cycles. In FIG. 2,
(b) is an explanatory diagram showing measurement inter-
vals. In FIG. 2, (c) is an explanatory diagram showing rela-
tionships between transmission cycles Ta and Tb and discrete
times k, and k,, respectively.

As shown in FIG. 1, the radar apparatus 1 is configured so
as to include a reference oscillator Lo, a radar transmitter 2 to
which a transmission antenna ANTO is connected, and a radar
receiver 3 to which a reception antenna ANT1 is connected.
The radar apparatus 1 transmits prescribed intermittent high-
frequency transmission signals generated by the radar trans-
mitter 2 from the transmission antenna ANTO, and receives
signals of reflection waves reflected from a target by the
reception antenna ANT1. The radar apparatus 1 detects the
target on the basis of reception signals received by the radar
receiver 3. The target is an object to be detected by the radar
apparatus 1 and is an automobile, a human, or the like. This
also applies to each embodiment described below.

First, the radar transmitter 2 will be described. The radar
transmitter 2 is configured so as to include a transmission
signal generator 4 and a transmission RF (radio frequency)
unit 13. The transmission signal generator 4 is configured so
as to include a first code generator 5, a second code generator
6, a third code generator 7, a code inverter 8, a transmission
code switch 9, a transmission code controller 10, a modulator
11, and an LPF (lowpass filter) 12. Although in FIG. 1 the
transmission signal generator 4 is configured so as to include
the LPF 12, the LPF 12 may be provided in the radar trans-
mitter 2 independently of the transmission signal generator 4.
The RF transmitter 13 is configured so as to include a fre-
quency converter 14 and an amplifier 15.

The transmission signal generator 4 generates a signal by
multiplying a reference signal generated by the reference
oscillator Lo by a prescribed factor. The individual units of
the transmission signal generator 4 operates according to the
thus-generated signal. The transmission signal generator 4
switches among plural code sequences A, B1, and B2 having
different pulse code lengths in units of a cycle that is equal to
an integer (Za, Zb1, Zb2: natural number) multiple of each of
two transmission cycles Ta and Tbh. The code sequence A is
used in each transmission cycle Ta, and the code sequence B1
or B2 is used in each transmission cycle Tb. Itis assumed that
the code sequences B1 and B2 have the same code length.

Furthermore, the transmission signal generator 4 generates
elements of a baseband transmission signal r(n) periodically
by modulating the thus-selected code sequence. The param-
eter n represents the discrete time. A parameter La represents
a pulse code length of the code sequence A. A parameter Lb
represents a pulse code length of each of the code sequences
B1 and B2. The parameters La and Lb have a relationship
La<Lb. The code sequences B1 and B2 are a pair of comple-
mentary code sequences (B1, B2).

It is assumed that the transmission signal generator 4 gen-
erates uncontinuous signals. For example, as shown in (a) of
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FIG. 2, in the transmission interval Tra (s) of an Mth (M:
natural number) transmission cycle (transmission cycle Ta),
N, samples exist per pulse code for the code sequence A
having the pulse code length La. In the transmission interval
Tra of an (M+3)th transmission cycle (transmission cycle Ta),
N, samples exist per pulse code for the code sequence —-A
having the pulse code length La. Itis assumed that Na samples
exist as a baseband transmission signal r(n) in the non-trans-
mission interval Ta-Tra (s) of each of the Mth and (M+3)th
transmission cycles (transmission cycles Ta).

In the transmission interval Trb (s) of each of (M+1)th and
(M+4)th transmission cycles (transmission cycles Tb), N,
samples exist per pulse code for the code sequence B1 having
the pulse code length Lb. In the non-transmission interval
Tb-Trb (s) of each transmission cycle Tb, Nb samples exist as
a baseband transmission signal r(n).

In the transmission interval Trb (s) of each of (M+2)th and
(M+5)th transmission cycles (transmission cycles Tb), N,
samples exist per pulse code for the code sequence B2 having
the pulse code length Lb. In the non-transmission interval
Tb-Trb (s) of each transmission cycle Tb, Nb samples exist as
a baseband transmission signal r(n).

Inrelation to the fact that the code sequences B1 and B2 are
complementary code sequences, a transmission cycle 2Tbx
Zc may be repeated which is equal to an integer Zc times a
unit cycle that is a connection of the (M+1)th transmission
cycle (transmission cycle Tb) and the (M+2)th transmission
cycle (transmission cycle Tb). For example, high-frequency
transmission signals generated according to the code
sequences B1, B2, B1, and B2 are transmitted in the (M+1)th,
(M+2)th, (M+3)th, and (M+4)th transmission cycles, respec-
tively. Although each embodiment described below employs
code sequences for the two measurement distance ranges
(long-distance and short-distance ranges), a modification is
possible in which a measurement distance range is subdivided
and an additional code sequence(s) having a different code
length(s) is used (transmitted).

The configurations of the individual units of the radar
transmitter 2 will be described below. The following descrip-
tion will be directed to a case that switching is made among
the code sequences A, B1, and B2 every transmission cycle Ta
or Tb (all of the parameters Za, Zb1, and Zb2 are equal to 1).
However, as already described above, each of the parameters
Za, 7Zbl, and Zb2 is not limited to 1.

The first code generator 5 generates a transmission code for
pulse compression of a code sequence A having the pulse
code length La. A Barker code sequence, an M-sequence
code, or the like is used as this transmission code for pulse
compression. The first code generator 5 outputs the generated
transmission code of the code sequence A to the code inverter
8 and the transmission code switch 9. In the following, for the
sake of convenience, the transmission code of the code
sequence A will be referred to as a transmission code A.

The second code generator 6 and the third code generator 7
generate transmission codes for pulse compression of the
code sequences B1 and B2 having the pulse code length L,
respectively. Code sequences B1 and B2 which are a pair of
complementary codes are used as these transmission codes
for pulse compression. The second code generator 6 outputs
the generated transmission code of the code sequence B1 to
the transmission code switch 9. The third code generator 7
outputs the generated transmission code of the code sequence
B2 to the transmission code switch 9. In the following, for the
sake of convenience, the transmission code of the code
sequence B1 and the transmission code of the code sequence
B2 will be referred to as transmission codes B1 and B2,
respectively.
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The coder inverter 8 receives the transmission code A that
is output from the first code generator 5, and generates a
transmission code of a code sequence —A which is a sign-
inverted version of the received transmission code A. For
example, where a Barker code having a code length La=7 is
used as the transmission code A, the transmission code A is [ 1,
1,1,-1,-1,1, -1] and the generated code sequence —A is [-1,
-1,-1,1,1,-1,1]. The coder inverter 8 outputs the generated
transmission code of the code sequence—A to the transmis-
sion code switch 9. In the following, for the sake of conve-
nience, the transmission code of the code sequence —A will be
referred to as a transmission code —A.

The transmission code switch 9 receives the transmission
codes A, B1, B2, and —A which are output from the first code
generator 5, the second code generator 6, the third code gen-
erator 7, and the coder inverter 8, respectively. The transmis-
sion code switch 9 switches to (selects) one of the received
transmission codes A, —A, B1, and B2 according to a code
switching control signal that is output from the transmission
code controller 10, and outputs the selected transmission code
to the modulator 11.

The transmission code controller 10 controls the transmis-
sion code switch 9 so that it switches to (selects) one of the
plural transmission codes every transmission cycle Ta or Tb.
More specifically, the transmission code controller 10 outputs
a code switching control signal indicating how to switch to
(select) one of the plural transmission codes every transmis-
sion cycle Ta or Tb. The transmission code controller 10 also
outputs the code switching control signal to an input switch
23 of the radar receiver 3.

How the transmission code controller 10 operates will be
described in a specific manner with reference to (a) of FIG. 2.

In the Mth transmission cycle (transmission cycle Ta), the
transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code A to the
modulator 11. That is, in the Mth transmission cycle (trans-
mission cycle Ta), the transmission code controller 10 out-
puts, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code A.

Inthe (M+1)th transmission cycle (transmission cycle Tb),
the transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code B1 to
the modulator 11. That is, in the (M+1)th transmission cycle
(transmission cycle Tb), the transmission code controller 10
outputs, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code B1.

Inthe (M+2)th transmission cycle (transmission cycle Tb),
the transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code B2 to
the modulator 11. That is, in the (M+2)th transmission cycle
(transmission cycle Tb), the transmission code controller 10
outputs, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code B2.

In the (M+3)th transmission cycle (transmission cycle Ta),
the transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code —A to
the modulator 11. That is, in the (M+3)th transmission cycle
(transmission cycle Ta), the transmission code controller 10
outputs, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code —-A.

Inthe (M+4)th transmission cycle (transmission cycle Tb),
the transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code B1 to



US 9,217,790 B2

11

the modulator 11. That is, in the (M+4)th transmission cycle
(transmission cycle Tb), the transmission code controller 10
outputs, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code B1.

Inthe (M+5)th transmission cycle (transmission cycle Th),
the transmission code controller 10 controls the transmission
code switch 9 so that it outputs the transmission code B2 to
the modulator 11. That is, in the (M+5)th transmission cycle
(transmission cycle Tb), the transmission code controller 10
outputs, to the transmission code switch 9, a code switching
control signal to the effect that switching should be made to
the transmission code B2.

In the (M+6)th and following transmission cycles, the
transmission codes suitable for the respective transmission
cycles are generated and output to the transmission code
switch 9 repeatedly in units of six transmission cycles corre-
sponding to the Mth to (M+5)th transmission cycles shown in
(a) of FIG. 2.

The modulator 11 receives the transmission code that is
output from the transmission code switch 9. The modulator
11 generates a baseband transmission signal r(n) by pulse-
modulating or phase-modulating the received transmission
code. The modulator 11 produces a transmission signal r(n)
that is a component in a preset restricted band or lower of the
generated transmission signal using the LPF 12, and outputs
it to the RF transmitter 13.

The RF transmitter 13 generates a signal by multiplying the
reference signal generated by the reference oscillator Lo by a
prescribed factor. The RF transmitter 13 operates according
to the generated signal. More specifically, the frequency con-
verter 14 receives the transmission signal r(n) generated by
the transmission signal generator 4 and generates a high-
frequency transmission signal in a carrier frequency band by
up-converting the received baseband transmission signal r(n).
The frequency converter 14 outputs the generated high-fre-
quency transmission signal to the amplifier 15.

The amplifier 15 receives the thus-output high-frequency
transmission signal, amplifies the received high-frequency
transmission signal to a prescribed level, and outputs the
amplified high-frequency transmission signal to the transmis-
sion antenna ANTO0. The amplified high-frequency transmis-
sion signal is transmitted from the transmission antenna
ANTO.

The transmission antenna ANTO transmits (i.e., emits to
the space) the high-frequency transmission signal that is out-
put from the RF transmitter 13. As shown in (a) of FIG. 2, the
high-frequency transmission signal is transmitted in the
transmission interval Tra or Trb of the transmission cycle Ta
or Tb and is not transmitted in the non-transmission interval
(Ta=Tra) or (Tb-Trb).

Instead of providing the transmission signal generator 4
with the above-described first code generator 5, second code
generator 6, third code generator 7, code inverter 8, and
transmission code switch 9, a transmission code storage 7a
which stores, in advance, the transmission codes A, -A, B1,
and B2 generated by the transmission signal generator 4 may
be provided as shown in FIG. 3. The transmission code stor-
age 7a shown in FIG. 3 can be used not only in the first
embodiment but also in a second embodiment (described
later). FIG. 3 is a block diagram showing another transmis-
sion signal generator 4a which is different from the transmis-
sion signal generator 4 shown in FIG. 1. The transmission
signal generator 4a is configured so as to include the trans-
mission code storage 7a, a transmission code controller 10a,
a modulator 11, and an LPF 12.
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Referring to FIG. 3, the transmission code controller 10a
cyclically reads the transmission codes to be used in the
transmission cycles Ta and Tb from the transmission code
storage 7a and outputs them to the modulator 11. More spe-
cifically, in the Mth transmission cycle (transmission cycle
Ta), the transmission code controller 10a reads the transmis-
sion code A from the transmission code storage 7a and out-
puts it to the modulator 11. In the (M+1)th transmission cycle
(transmission cycle Tb), the transmission code controller 10a
reads the transmission code B1 from the transmission code
storage 7a and outputs it to the modulator 11. In the (M+2)th
transmission cycle (transmission cycle Tb), the transmission
code controller 104 reads the transmission code B2 from the
transmission code storage 7a and outputs it to the modulator
11.

In the (M+3)th transmission cycle (transmission cycle Ta),
the transmission code controller 10a reads the transmission
code —A from the transmission code storage 7a and outputs it
to the modulator 11. In the (M+4)th transmission cycle (trans-
mission cycle Tb), the transmission code controller 104 reads
the transmission code B1 from the transmission code storage
7a and outputs it to the modulator 11. In the (M+5)th trans-
mission cycle (transmission cycle Tb), the transmission code
controller 10a reads the transmission code B2 from the trans-
mission code storage 7a and outputs it to the modulator 11.
After the output of the transmission code to the modulator 11,
the modulator 11 and the LPF 12 operate in the same manners
as described above and hence no descriptions will be made in
this respect.

Next, the radar receiver 3 will be described.

The radar receiver 3 is configured so as to include the
reception antenna ANT1, an RF receiver 16, and a signal
processor 20. The RF receiver 16 is configured so as to
include an amplifier 17, a frequency converter 18, and a
quadrature detector 19. The signal processor 20 is configured
so as to include an A/D converter 21, an A/D converter 22, an
input switch 23, a code inverter 24, a first correlation value
calculator 25, a second correlation vale calculator 26, a third
correlation vale calculator 27, a first average processor 28, a
second average processor 29, and an incoming distance esti-
mator 30.

The reception antenna ANT1 receives, as a reception sig-
nal, a signal of reflection waves produced as a result of reflec-
tion, by a target, of a high-frequency transmission signal
transmitted from the radar transmitter 2 and noise signals
produced around the radar apparatus 1. The signal of reflec-
tion waves is a signal in a high-frequency band. The reception
signal received by the reception antenna ANT1 is input to the
RF receiver 16. In the radar apparatus 1, the radar receiver has
one reception antenna.

As shown in (b) of FIG. 2, the reception antenna ANT1
receives a reception signal in an interval corresponding to
each of the Mth and (M+3)th transmission cycles (transmis-
sion cycles Ta). Furthermore, as shown in (b) of FIG. 2, the
reception antenna ANT1 receives a reception signal in an
interval corresponding to each of the (M+1)th, (M +2)th,
(M+4)th, (M+5)th transmission cycles (transmission cycles
Tb). Therefore, the reception signal receiving intervals Ta and
Tb are measurement intervals of the radar apparatus 1.

The RF receiver 16 generates a signal by multiplying the
reference signal generated by the reference oscillator Lo by a
prescribed factor. The RF receiver 16 operates according to
the generated signal. More specifically, the amplifier 17
receives the reception signal in the high-frequency band
received by the reception antenna ANT1, amplifies the recep-
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tion signal in the high-frequency band to a prescribed level,
and outputs the amplified reception signal to the frequency
converter 18.

The frequency converter 18 receives the reception signal in
the high-frequency band that is output from the amplifier 17,
down-converts the reception signal in the high-frequency
band into a baseband signal, and outputs the down-converted
reception signal to the quadrature detector 19.

The quadrature detector 19 generates a baseband reception
signal comprising an in-phase signal and a quadrate signal by
quadrature-detecting the baseband reception signal that is
output from the frequency converter 18. The quadrature
detector 19 outputs the in-phase signal and the quadrate sig-
nal of the generated reception signal to the A/D converters 21
and 22, respectively.

The A/D converter 21 converts the baseband in-phase sig-
nal (analog data) that is output from the quadrature detector
19 into digital data by sampling the former at discrete timesk,,
or k,. The A/D converter 21 outputs the converted in-phase
signal (digital data) to the input switch 23.

Likewise, the A/D converter 22 converts the baseband
quadrate signal (analog data) that is output from the quadra-
ture detector 19 into digital data by sampling the former at the
discrete times k, or k,. The A/D converter 22 outputs the
converted quadrate signal (digital data) to the input switch 23.

The parameter k, represents discrete times which corre-
spond to the number of samples of the baseband transmission
signal r(n) which is the source of a high-frequency transmis-
sion signal that is transmitted in the Mth or (M+3)th trans-
mission cycle (transmission cycle Ta) shown in (a) of FIG. 2.
The parameter k,, represents discrete times which correspond
to the number of samples of the baseband transmission signal
r(n) which is the source of a high-frequency transmission
signal that is transmitted in the (M+1)th, (M+2)th, (M+4)th,
or (M+5)th transmission cycle (transmission cycle Th) shown
in (a) of FIG. 2.

Reception signals at the discrete times k,, and k, produced
by the A/D converters 21 and 22 are expressed as complex
signals given by Equations (5) using in-phase signals I(k,)
and I(k,) and quadrate signals Q(k,) and Q(k,) of the recep-
tion signals. The symbol j is the imaginary number unit which
satisfies j*=—1.

[Formulae 5]
Xk )=o) 47Ok

X (k) =L ep) 47 Qs ®

In the following description, the discrete time k, varies
from 1 to (NyLa+Na-1). Alternatively, the discrete time k,
may vary from 1 to (N,La+Na). The discrete time k, varies
from 1 to (N,Lb+Nb-1). Alternatively, the discrete time k,
may vary from 1 to (N,Lb+Nb). These ranges of the discrete
times k, and k, are also applied to each embodiment
described below.

As shown in (¢) of FIG. 2, the discrete time k =1 represents
a start time point of the transmission interval Tra of a trans-
mission cycle Ta of a high-frequency transmission signal
generated according to the transmission code A or —A. The
discrete time k,=NjLa represents an end time point of the
transmission interval Tra of a transmission cycle Ta of a
high-frequency transmission signal generated according to
the transmission code A or —A. The discrete time k=N La+
Na-1 represents a time point immediately before the end of a
transmission cycle Ta of a high-frequency transmission signal
generated according to the transmission code A or —A.
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On the other hand, as shown in (¢) of FIG. 2, the discrete
time k,=1 represents a start time point of the transmission
interval Trb of a transmission cycle Tb of a high-frequency
transmission signal generated according to the transmission
code B1 or B2. The discrete time k,=N,Lb represents an end
time point of the transmission interval Trb of a transmission
cycle Tb of a high-frequency transmission signal generated
according to the transmission code B1 or B2. The discrete
time k, =N Lb+Nb-1 represents a time point immediately
before the end of a transmission cycle Tb of a high-frequency
transmission signal generated according to the transmission
code B1 or B2. In (¢) of FIG. 2, for the sake of convenience,
the range of the discrete time k, is shown only for the Mth
transmission cycle and the range of the discrete time k, is
shown only for the (M+2)th transmission cycle.

The radar receiver 3 performs calculations periodically in
such a manner that a 6-cycle transmission cycle (2Ta+4Tb)
comprising the transmission cycles of high-frequency trans-
mission signals generated according to the respective trans-
mission codes A, B1, B2, -A, B1, and B2 is set as one signal
processing interval of the signal processor 20.

The input switch 23 receives the code switching control
signal that is output from the transmission code controller 10
and the complex signal x(k,) or x(k,) which comprises the
in-phase signal and the quadrate signal (digital data) which
are output from the A/D converters 21 and 22. The input
switch 23 outputs the complex signal x(k,) or x(k,) which
comprises the digital data which are output from the A/D
converters 21 and 22, to one of the code inverter 24, the first
correlation value calculator 25, the second correlation value
calculator 26, and the third correlation value calculator 27
according to the received code switching control signal.

More specifically, if a code switching control signal to the
effect that switching is about to be made to the transmission
code A is output from the transmission code controller 10, the
input switch 23 outputs, to the first correlation value calcula-
tor 25, the complex signal x(k ) of the digital data which are
output from the A/D converters 21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code —A is output
from the transmission code controller 10, the input switch 23
outputs, to the code inverter 24, the complex signal x(k,) of
the digital data which are output from the A/D converters 21
and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code B1 is output
from the transmission code controller 10, the input switch 23
outputs, to the second correlation value calculator 26, the
complex signal x(k,,) of the digital data which are output from
the A/D converters 21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code B2 is output
from the transmission code controller 10, the input switch 23
outputs, to the third correlation value calculator 27, the com-
plex signal x(k,) of the digital data which are output from the
A/D converters 21 and 22.

The code inverter 24 inverts the sign (plus or minus) of the
baseband complex signal x(k,) that is output from the input
switch 23, and outputs the inverted complex signal -x(k,) to
the first correlation value calculator 25.

The first correlation value calculator 25 receives the com-
plex signal x(k,) (digital data) that is output from the input
switch 23 or the complex signal —x(k,) (digital data) that is
output from the code inverter 24. In the following, for the sake
of convenience, the complex signal x(k,) or -x(k,) received
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by the first correlation value calculator 25 will be written as
y(k,). Therefore, the complex signal y(k,) is the complex
signal x(k,) or —x(k ).

Like the transmission signal generator 4, the first correla-
tion value calculator 25 generates a signal by multiplying the
reference signal generated by the reference oscillator Lo by a
prescribed factor. This first correlation value calculator 25
does this in synchronism with the transmission signal genera-
tor 4. In FIG. 1, input of the reference signal to the first
correlation value calculator 25 is omitted. The first correla-
tion value calculator 25 generates elements of the same base-
band reference transmission signal r(n) as generated by the
transmission signal generator 4, periodically at the discrete
times k, according to the generated signal.

Furthermore, the first correlation value calculator 25 cal-
culates correlation values between the complex signal y(k,)
that is output from the input switch 23 or the code inverter 24
and the generated reference transmission signal r(n). In this
calculation of correlation values, complex conjugate values
of the reference transmission signal r(n) are used.

More specifically, in the Mth or (M+1)th transmission
cycle (transmission cycle Ta) shown in FIG. 2, that is, at the
discrete times k=1 to (N,La+Na-1), the first correlation
value calculator 25 calculates correlation values AC,(k,)
according to Equation (6). The first correlation value calcu-
lator 25 outputs the correlation values AC,(k,) calculated
according to Equation (6) to the first average processor 28.

[Formula 6]

Nola
ACika) = ) ko +m =11 (m)

m=1

©

The second correlation value calculator 26 receives the
complex signal x(k,) (digital data) that is output from the
input switch 23. In the following, for the sake of convenience,
the complex signal received by the second correlation value
calculator 26 will be written as y(k,).

Like the transmission signal generator 4, the second cor-
relation value calculator 26 generates a signal by multiplying
the reference signal generated by the reference oscillator Lo
by a prescribed factor. This second correlation value calcula-
tor 26 does this in synchronism with the transmission signal
generator 4. In FIG. 1, input of the reference signal to the
second correlation value calculator 26 is omitted. The second
correlation value calculator 26 generates elements of the
same baseband reference transmission signal r(n) as gener-
ated by the transmission signal generator 4, periodically at the
discrete times k, according to the generated signal.

Furthermore, the second correlation value calculator 26
calculates correlation values between the complex signal
y(k,) that is output from the input switch 23 and the generated
reference transmission signal r(n). In this calculation of cor-
relation values, complex conjugate values of the reference
transmission signal r(n) are used.

More specifically, in the (M+1)th or (M+4)th transmission
cycle (the transmission cycle Tb) shown in FIG. 2, that is, at
the discrete times k,=1 to (N Lb+Nb-1), the second correla-
tion value calculator 26 calculates correlation values AC,(k,)
according to Equation (7). The second correlation value cal-
culator 26 outputs the correlation values AC,(k,) calculated
according to Equation (7) to the second average processor 29.
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[Formula 7]

NoLy
ACy (k) = 3 yiky +m = 1r(m)

m=1

M

The third correlation value calculator 27 receives the com-
plex signal x(k,) (digital data) that is output from the input
switch 23. In the following, for the sake of convenience, the
complex signal received by the third correlation value calcu-
lator 27 will be written as y(k,).

Like the transmission signal generator 4, the third correla-
tion value calculator 27 generates a signal by multiplying the
reference signal generated by the reference oscillator Lo by a
prescribed factor. This third correlation value calculator 27
does this in synchronism with the transmission signal genera-
tor 4. In FIG. 1, input of the reference signal to the third
correlation value calculator 27 is omitted. The third correla-
tion value calculator 27 generates elements of the same base-
band reference transmission signal r(n) as generated by the
transmission signal generator 4, periodically at the discrete
times k, according to the generated signal.

Furthermore, the third correlation value calculator 27 cal-
culates correlation values between the complex signal y(k,)
that is output from the input switch 23 and the generated
reference transmission signal r(n). In this calculation of cor-
relation values, complex conjugate values of the reference
transmission signal r(n) are used.

More specifically, in the (M+2)th or (M+5)th transmission
cycle (the transmission cycle Tb) shown in FIG. 2, that is, at
the discrete times k,=1 to (N,Lb+Nb-1), the third correlation
value calculator 27 calculates correlation values AC;(k,)
according to Equation (8). The third correlation value calcu-
lator 27 outputs the correlation values AC;(k,) calculated
according to Equation (8) to the second average processor 29.

[Formula 8]

NoLy
ACs(ke) = ) (ks +m =11 (m)

m=1

®

As described above, the first correlation value calculator 25
performs calculations at the discrete times k,=1 to (N La+
Na-1). Each of the second correlation value calculator 26 and
the third correlation value calculator 27 performs calculations
atthe discrete times k,=1 to (N, Lb+Nb-1). However, with an
assumption that the target as a measurement subject of the
radar apparatus 1 exists in a range that is near the radar
apparatus 1, the ranges of the discrete times k, and k, may be
restricted further. With this measure, the calculation amount
of each of the first correlation value calculator 25, the second
correlation value calculator 26, and the third correlation value
calculator 27 can be reduced. That is, in the radar apparatus 1,
the power consumption of the signal processor 20 can be
reduced.

The first average processor 28 adds together the correlation
values calculated according to Equation (6) between the ref-
erence transmission signals which are the same as the trans-
mission signals generated according to the transmission code
A or —-A and the corresponding reception signals of reflection
wave signals in repetitive (periodic) transmission cycles Ta.

More specifically, the first average processor 28 averages
addition results of the correlation values AC, (k) calculated
according to Equation (6) in periods ofthe discrete times k =1
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to (N,La+Na-1) shown in (c) of FIG. 2. The addition by the
first average processor 28 is performed for each discrete time
k,.

The first average processor 28 may average correlation
values which are addition and averaging results of plural units
of correlation values, each unit comprising correlation values
calculated in two transmission cycles Ta (2Ta) corresponding
to the Mth and (M+3)th transmission cycles shown in FIG. 2.
With this measure, noise components occurring around the
radar apparatus 1 can be suppressed and its measurement
performance relating to the estimation of an incoming angle
and a distance of a target can be increased.

The second average processor 29 adds together the corre-
lation values calculated according to Equation (7) or (8)
between the reference transmission signals which are the
same as the transmission signals generated according to the
transmission code B1 or B2 and the corresponding reception
signals of reflection wave signals in repetitive (periodic)
transmission cycles Tb.

More specifically, the second average processor 29 aver-
ages addition results of the correlation values AC,(k,) or
AC;(k,) calculated according to Equations (7) or (8) in peri-
ods of the discrete times k,=1 to (N,Lb+Nb-1) shown in (c)
of FIG. 2. The addition by the second average processor 29 is
performed for each discrete time k, of transmission cycles Th
corresponding to each of the (M+1)th, (M+2)th, (M+4)th, and
(M+5)th transmission cycles shown in FIG. 2.

That is, the second average processor 29 adds together the
correlation values calculated in transmission cycles Tb cor-
responding to each of the (M+1)th, (M+2)th, (M +4)th, and
(M+5)th transmission cycles. With this measure, noise com-
ponents occurring around the radar apparatus 1 can be sup-
pressed and its measurement performance relating to the esti-
mation of an incoming angle and a distance of a target can be
increased. Furthermore, since the transmission codes B1 and
B2 are a pair of codes constituting a complementary code, by
virtue of the second average processor 28, the radar apparatus
1 can produce a signal in which range sidelobes are sup-
pressed to low levels.

The incoming distance estimator 30 receives the addition
results calculated by the first average processor 28 and the
addition results calculated by the second average processor
29. The incoming distance estimator 30 performs a calcula-
tion for estimating a distance to a target on the basis of the
received addition results. The calculation for estimating a
distance to a target which is performed by the incoming
distance estimator 30 is a known technique, and can be real-
ized by referring to the following Non-patent document 1, for
example:

(Non-patent document 1) J. J. Bussgang et al., “A Unified
Analysis of Range Performance of CW, Pulse, and Pulse
Doppler Radar,” Proceedings of the IRE, Vol.

47, Issue 10, pp. 1,753-1,762 (1959).

For example, the incoming distance estimator 30 deter-
mines a time difference between the high-frequency trans-
mission signal transmission time and a discrete time at which
the correlation values of the addition results calculated by
each of the first average processor 28 and the second average
processor 29 takes a maximum value. Furthermore, the
incoming distance estimator 30 estimates a distance to a
target on the basis of the determined time difference.

Advantages of the radar apparatus 1 according to the first
embodiment will be described with reference to FIG. 4. FIG.
4 is explanatory diagrams showing a calculation result of
cross-correlation between the transmission code A having a
short code length and the transmission code B1 having a long
code length. In FIG. 4, (a) shows a calculation result Xcorr(A,
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B1, s) of cross-correlation between the transmission code A
and the transmission code B1. In FIG. 4, (b) shows a calcu-
lation result Xcorr(A, -B1, s) of cross-correlation between
the transmission code —A and the transmission code B1. In
FIG. 4, (c) shows an addition result Xcorr(A, B1, s) +Xcorr
(A, -B1, s) of the calculation result of cross-correlation
between the transmission code A and the transmission code
B1 and the calculation result of cross-correlation between the
transmission code —A and the transmission code B1.

A cross-correlation calculation result Xcorr(x,, v, s) is
given by Equation (9) (x,, is equal to 0 when n>La or n<1 and
y, is equal to 0 when n>Lb or n<1). The asterisk * is a
complex conjugate operator. The parameter s represents the
delay time or shift time.

[Formula 9]

Nolb
.
KeorrCns Vs )= Y Yukier

n=1

®

Assume that as shown in (a) in FIG. 4 there is inter-code
interference between a signal of reflection waves that are
received in the Mth transmission cycle (transmission cycle
Ta) and a high-frequency transmission signal that is transmit-
ted in the (M+1)th transmission cycle (transmission cycle
Tb). That is, noise components exist in a cross-correlation
value characteristic between the transmission codes A and B1
shown in (a) in FIG. 4 (horizontal axis: shift time (s)). The
signal of reflection waves received in the Mth transmission
cycle (transmission cycle Ta) is a signal of reflection waves of
a high-frequency transmission signal generated according to
the transmission code A. The high-frequency transmission
signal transmitted in the (M+1)th transmission cycle (trans-
mission cycle Tb) is a high-frequency transmission signal
generated according to the transmission code B1.

Also assume that as shown in (b) in FIG. 4 there is inter-
code interference between a signal of reflection waves that are
received in the (M+3)th transmission cycle (transmission
cycle Ta) and a high-frequency transmission signal that is
transmitted in the (M+4)th transmission cycle (transmission
cycle Tb). That is, noise components exist in a cross-correla-
tion value characteristic between the transmission codes —A
and B1 shown in (b) in FIG. 4 (horizontal axis: shift time (s)).
The signal of reflection waves received in the (M+3)th trans-
mission cycle (transmission cycle Ta) is a signal of reflection
waves of a high-frequency transmission signal generated
according to the transmission code —A. The high-frequency
transmission signal transmitted in the (M+4)th transmission
cycle (transmission cycle Tb) is a high-frequency transmis-
sion signal generated according to the transmission code B1.

As described above, the second average processor 29 adds
together the correlation values corresponding to the transmis-
sion code B1 that are calculated at the discrete times k,=1 to
(N,Lb+Nb-1) in the (M+1)th and (M+4)th transmission
cycles (two transmission cycles). As a result of the addition of
the correlation values calculated in the (M+1)th transmission
cycle and the correlation values calculated in the (M+4)th
transmission cycle (two transmission cycles), the cross-cor-
relation value characteristic shown in (a) in FIG. 4 and that
shown in (b) in FIG. 4 are added together.

As shown in (¢) in FIG. 4, the resulting cross-correlation
value characteristic has no noise components. That is, in the
radar apparatus 1, since the correlation values corresponding
to the transmission code B1 that are calculated at the discrete
times k,=1 to (N,Lb+Nb-1) in the (M+1)th and (M+4)th
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transmission cycles (two transmission cycles) are added
together, inter-code interference can be suppressed in signal
processing intervals of the signal processor 20. Furthermore,
in the radar apparatus 1, since the transmission cycle of the
transmission codes A and —A having the short code length is
set shorter than that of the transmission codes Bl and B2
having the large code length, the measurement time of mea-
surements for all measurement distance ranges can be short-
ened.

As a result, in the radar apparatus 1 according to the first
embodiment, even in the case where inter-code interference
occurs because reflection waves corresponding to a transmis-
sion code transmitted in a short transmission cycle Ta are
mixed into a signal in the ensuing long transmission cycle,
such interference can be suppressed. Therefore, the reception
dynamic range can be narrowed while the measurement dis-
tance range is increased by using a transmission code having
a short code length that is transmitted in short transmission
cycles Ta is used for measurement of a target that is relatively
close to the radar apparatus and a transmission code having a
long code length that is transmitted in long transmission
cycles Th is used for measurement of a target that is relatively
distant from the radar apparatus. Furthermore, in the radar
apparatus 1, since the measurement time of measurements for
all measurement distance ranges can be shortened, the move-
ment followability of a measurement of even a moving target
can be increased.

Modification 1 of Embodiment 1

The first embodiment is directed to the case that the param-
eter Za which is an integer by which the transmission cycle Ta
is to be multiplied and the parameters Zb1 and Zb2 which are
integers by which the transmission cycle Tb is to be multi-
plied are all equal to 1. That is, the first embodiment is
directed to the case that as shown in FIG. 2 the transmission
code A is used in the Mth transmission cycle (transmission
cycle Ta), the transmission code B1 is used in the (M+1)th
transmission cycle (transmission cycle Tb), and the transmis-
sion code B2 is used in the (M+2)th transmission cycle (trans-
mission cycle Th).

A first modification of the first embodiment is directed to a
case that each of the parameters Za, Zb1, and Zb2 is not equal
to 1 but equal to a natural number that is larger than or equal
to 2.

More specifically, after a high-frequency transmission sig-
nal generated according to the transmission code A is trans-
mitted in an Mth transmission cycle (transmission cycle Ta),
high-frequency transmission signals generated according to
the transmission code A are transmitted in transmission
cycles Ta of the same kind as the Mth transmission cycle Ta
until an (M+Za-1)th transmission cycle.

Then, in (M+Za)th to (M+Za+Zb1-1)th transmission
cycles, high-frequency transmission signals generated
according to the transmission code Bl are transmitted in
transmission cycles Tb.

Then, in (M+Za+Zb1)th to M+Za+7Zb1+7Zb2-1)th trans-
mission cycles, high-frequency transmission signals gener-
ated according to the transmission code B2 are transmitted in
transmission cycles Tb.

Subsequently, after a high-frequency transmission signal
generated according to the transmission code —A is transmit-
ted in an (M+Za+7Zb1+7Zb2)th transmission cycle (transmis-
sion cycle Ta), high-frequency transmission signals gener-
ated according to the transmission code —A are transmitted in
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transmission cycles Ta of the same kind as the (M+Za+Zb1+
Zb2)th transmission cycle Ta until an (M+2Za+7Zb1+7b2-1)
th transmission cycle.

Then, in M+2Za+Zb1+7Zb2)th to (M+2Za+2Zb1+7Zb2-1)
th transmission cycles, high-frequency transmission signals
generated according to the transmission code B1 are trans-
mitted in transmission cycles Tb.

Then, in (M+2Za+27b1+Zb2)th to (M+2Za+27Zb1+27b2—
Dth transmission cycles, high-frequency transmission sig-
nals generated according to the transmission code B2 are
transmitted in transmission cycles Th.

In an (M+2Za+27b1+27b2)th transmission cycle and fol-
lowing transmission cycles, transmissions are repeated in
units of transmission cycles corresponding to the Mth to
(M+2Za+27b1427b2-1)th transmission cycles.

In the first embodiment, a high-frequency transmission
signal generated according to the transmission code B1 is
transmitted in the (M+1)th transmission cycle (transmission
cycle Tb) shown in FIG. 2 and a high-frequency transmission
signal generated according to the transmission code B2 is
transmitted in the next, (M+2)th transmission cycle (trans-
mission cycle Tb). Transmission signals generated according
to the transmission codes B1 and B2 which constitute a
complementary code may be transmitted repeatedly Zc times
(Zc: integer) in units of two transmission cycles correspond-
ing to the(M+1)th and (M+2)th transmission cycles. In this
case, the parameters Zc, Zb1, Zb2, and Tb satisfy Equation
(10):

[Formula 10]

o BOLXTY) + 22X Th)
€= 276

10

The same advantages as in the first embodiment can be
obtained even in the case where high-frequency transmission
signals generated according to the transmission codes are
transmitted in the manner described in the first modification
of the first embodiment.

Embodiment 21

Next, the configuration and operation of a radar apparatus
15 according to a second embodiment will be described with
reference to FIGS. 5 and 6. FIG. 5 is a block diagram showing
the internal configuration of the radar apparatus 1B according
to the second embodiment. FIG. 6 is a timing chart illustrating
how the radar apparatus 15 according to the second embodi-
ment operates. In FIG. 6, (a) is an explanatory diagram show-
ing transmission cycles Ta, transmission cycles Tb, and trans-
mission codes used in the respective transmission cycles. In
FIG. 6, (b) is an explanatory diagram showing measurement
intervals. In FIG. 6, (¢) is an explanatory diagram showing
relationships between transmission cycles Ta and Tb and
discrete times k, and k,,, respectively.

In the following description of the second embodiment,
parts of the configuration and operation that are different than
in the first embodiment will be described and the same parts
of'the configuration and operation as in the first embodiment
will not be described. In the first embodiment, a Barker code
sequence, an M-sequence code, or the like is used as the
transmission code A having a short code length. In the second
embodiment, complementary codes Al and A2 which are a
pair of code sequences constituting a complementary code
are used as transmission codes having a short code length.
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As shown in FIG. 5, the radar apparatus 15 is configured so
as to include a reference oscillator Lo, a radar transmitter 254
to which a transmission antenna ANTO is connected, and a
radar receiver 3 to which a reception antenna ANT1 is con-
nected. The radar apparatus 15 transmits prescribed intermit-
tent high-frequency transmission signals generated by the
radar transmitter 25 from the transmission antenna ANTO,
and receives signals of reflection waves reflected from a target
by the reception antenna ANT1. The radar apparatus 1 detects
the target on the basis of reception signals received by the
radar receiver 3b.

The radar transmitter 25 will be described. The radar trans-
mitter 2 is configured so as to include a transmission signal
generator 46 and an RF transmitter 13. The transmission
signal generator 45 is configured so as to include a first code
generator 5, a second code generator 6, a third code generator
7,afourth code generator 55, a code inverter 8, a code inverter
8b, a transmission code switch 95, a transmission code con-
troller 105, a modulator 11, and an LPF 12. Although in FIG.
5 the transmission signal generator 44 is configured so as to
include the LPF 12, the LPF 12 may be provided in the radar
transmitter 2 independently of the transmission signal gen-
erator 4b. The RF transmitter 13 is configured so as to include
a frequency converter 14 and an amplifier 15.

The transmission signal generator 45 generates a signal by
multiplying a reference signal generated by the reference
oscillator Lo by a prescribed factor. The individual units of
the transmission signal generator 45 operates according to the
thus-generated signal. The transmission signal generator 45
switches among plural code sequences Al, A2, B1, and B2
having different pulse code lengths in units of a cycle that is
equal to an integer (Zal, Za2, Zbl, Zb2: natural number)
multiple of each of two transmission cycles Ta and Tbh. The
code sequence Al or A2 isused in each transmission cycle Ta,
and the code sequence B1 or B2 is used in each transmission
cycle Th. It is assumed that the code sequences Al and A2
have the same code length and the code sequences B1 and B2
have the same code length.

Furthermore, a parameter La represents a pulse code length
of'the code sequences Al and A2. A parameter Lb represents
a pulse code length of the code sequences B1 and B2. The
parameters La and Lb have a relationship La<Lb. The code
sequences Al and A2 are a pair of complementary code
sequences (B1, B2). The code sequences B1 and B2 are a pair
of complementary code sequences (B1, B2).

It is assumed that the transmission signal generator 4 gen-
erates uncontinuous signals. For example, as shown in (a) in
FIG. 6, in the transmission interval Tra (s) of each of Mth and
(M+2)th transmission cycles (transmission cycles Ta), N,
samples exist per pulse code for the code sequence Al or A2
having the pulse code length La. In the transmission interval
Tra of each of (M+4)th and (M+6)th transmission cycles
(transmission cycles Ta), N, samples exist per pulse code for
the code sequence —A1 or —A2 having the pulse code length
La.

It is assumed that Na samples exist as a baseband transmis-
sion signal r(n) in the non-transmission interval Ta-Tra (s) of
each of the Mth, (M+2)th, (M+4)th, and (M +6)th transmis-
sion cycles (transmission cycles Ta).

In the transmission interval Trb (s) of each of (M+1)th and
(M+5)th transmission cycles (transmission cycles Tb), N,
samples exist per pulse code for the code sequence B1 having
the pulse code length Lb. In the non-transmission interval
Tb-Trb (s) of each transmission cycle Tb, Nb samples exist as
a baseband transmission signal r(n).

In the transmission interval Trb (s) of each of (M+3)th and
(M+7)th transmission cycles (transmission cycles Tb), N,
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samples exist per pulse code for the code sequence B2 having
the pulse code length Lb. In the non-transmission interval
Tb-Trb (s) of each transmission cycle Th, Nb samples exist as
a baseband transmission signal r(n).

Instead of the transmission cycle arrangement shown in
FIG. 6, in relation to the fact that the code sequences Al and
A2 are complementary code sequences, a transmission cycle
arrangement may be employed in which a transmission cycle
Ta of the transmission code Al and a transmission cycle Ta of
the transmission code A2 are arranged continuously to con-
stitute a transmission cycle 2Ta. Furthermore, a transmission
cycle 2TaxZd may be repeated which is equal to an integer Zc
times such a unit cycle, that is, a connection of two transmis-
sion cycles Ta. In addition, in relation to the fact that the code
sequences B1 and B2 are complementary code sequences, a
transmission cycle arrangement may be employed in which a
transmission cycle Tb of the transmission code B1 and a
transmission cycle Tb of the transmission code B2 are
arranged continuously to constitute a transmission cycle 2Th.
Furthermore, a transmission cycle 2TxZe may be repeated
which is equal to an integer Zc times such a unit cycle, that is,
a connection of two transmission cycles Tb.

For example, FIG. 7 is a timing chart how the radar appa-
ratus 15 operates in the case where the parameter Zd=1 and
the parameter Ze=1. FIG. 8, is a timing chart how the radar
apparatus 15 operates in the case where the parameter Zd=2
and the parameter Ze=2.

FIGS. 7(a) and 8(a) are explanatory diagrams showing
transmission cycles Ta, transmission cycles Tb, and transmis-
sion codes used in the respective transmission cycles. FIGS.
7(b) and 8(b) are explanatory diagrams showing measure-
ment intervals. FIGS. 7(c) and 8(c) are explanatory diagrams
showing relationships between transmission cycles Ta and Th
and discrete times k, and k.

Referring to FIG. 7, let the Mth transmission cycle (trans-
mission cycle Ta) to the (M+3)th transmission cycle (trans-
mission cycles Tb) be called a first-half transmission cycle
and let the (M+4)th transmission cycle (transmission cycle
Ta) to the (M+7)th transmission cycle (transmission cycles
Tb) be called a second-half transmission cycle.

When a transmission cycle of the transmission code Al
having the short pulse code length and a transmission cycle of
the transmission code A2 having the short pulse code length
are continuous with each other, inter-code interference occurs
between a signal of reflection waves of the transmission code
Al and a transmission signal of the transmission code A2
according to a cross-correlation characteristic of the trans-
missioncodes Al and A2. And, as described above, inter-code
interference occurs according to a cross-correlation charac-
teristic of the transmission codes A2 and B1 between a trans-
mission cycle of the transmission code A2 having the short
pulse code length and a transmission cycle of the transmission
code B1 having the long pulse code length.

In view of the above, as shown in FIG. 7, in the second-half
transmission cycle, a high-frequency transmission signal
generated according to a code obtained by inverting the sign
of one of the pair of code sequences Al and A2 which con-
stitute a complementary code is transmitted. More specifi-
cally, a high-frequency transmission signal generated accord-
ing to a transmission code —A2 obtained by inverting the sign
of the transmission code A2 is transmitted in the (M+5)th
transmission cycle (transmission cycle Ta).

The signal processor performs the following processing.
Correlation values calculated in the Mth transmission cycle
(transmission cycle Ta) and correlation values calculated in
the (M+4)th transmission cycle (transmission cycle Ta) are
added together.
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Correlation values calculated in the (M+1)th transmission
cycle (transmission cycle Ta) and correlation values calcu-
lated in the (M+5)th transmission cycle (transmission cycle
Ta) are added together. Correlation values calculated in the
(M+2)th transmission cycle (transmission cycle Tb) and cor-
relation values calculated in the (M+6)th transmission cycle
(transmission cycle Tb) are added together. Correlation val-
ues calculated in the (M+3)th transmission cycle (transmis-
sion cycle Tb) and correlation values calculated in the
(M +7)th transmission cycle (transmission cycle Tb) are
added together.

Since correlation values calculated in a transmission cycle
of the first-half transmission cycle and correlation values
calculated in a transmission cycle of the second-half trans-
mission cycle are added together, inter-code interference
depending on the cross-correlation characteristic of the trans-
mission codes A1 and A2 and inter-code interference depend-
ing on the cross-correlation characteristic of the transmission
codes A2 and B1 can be suppressed.

Likewise, referring to FIG. 8, let the Mth transmission
cycle (transmission cycle Ta) to the (M+5)th transmission
cycle (transmission cycles Tb) be called a first-half transmis-
sion cycle and let the (M+6)th transmission cycle (transmis-
sion cycle Ta) to the (M+11)th transmission cycle (transmis-
sion cycles Tb) be called a second-half transmission cycle.

When a transmission cycle of the transmission code Al
having the short pulse code length and a transmission cycle of
the transmission code A2 having the short pulse code length
are continuous with each other, inter-code interference occurs
between a signal of reflection waves of the transmission code
Al and a transmission signal of the transmission code A2
according to a cross-correlation characteristic of the trans-
missioncodes Al and A2. And, as described above, inter-code
interference occurs according to a cross-correlation charac-
teristic of the transmission codes —~A2 and B1 between a
transmission cycle of the transmission code —A2 having the
short pulse code length and a transmission cycle of the trans-
mission code B1 having the long pulse code length.

In view of the above, as shown in FIG. 8, in the second-half
transmission cycle, a high-frequency transmission signal
generated according to a code obtained by inverting the sign
of one of the pair of code sequences Al and A2 which con-
stitute a complementary code is transmitted. More specifi-
cally, a high-frequency transmission signal generated accord-
ing to the transmission code —A2 obtained by inverting the
sign of the transmission code A2 is transmitted in the (M+7)th
transmission cycle (transmission cycle Ta). And a high-fre-
quency transmission signal generated according to the trans-
mission code A2 obtained by inverting the sign of the trans-
mission code —A2 is transmitted in the (M+9)th transmission
cycle (transmission cycle Ta).

The signal processor performs the following processing.
Correlation values calculated in the Mth transmission cycle
(transmission cycle Ta) and correlation values calculated in
the (M+6)th transmission cycle (transmission cycle Ta) are
added together. Correlation values calculated in the (M+1)th
transmission cycle (transmission cycle Ta) and correlation
values calculated in the (M+7)th transmission cycle (trans-
mission cycle Ta) are added together. Correlation values cal-
culated in the (M+2)th transmission cycle (transmission cycle
Ta) and correlation values calculated in the (M+8)th trans-
mission cycle (transmission cycle Ta) are added together.
Correlation values calculated in the (M+3)th transmission
cycle (transmission cycle Ta) and correlation values calcu-
lated in the (M +9)th transmission cycle (transmission cycle
Ta) are added together. Correlation values calculated in the
(M+4)th transmission cycle (transmission cycle Tb) and cor-
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relation values calculated in the (M+10)th transmission cycle
(transmission cycle Tb) are added together. Correlation val-
ues calculated in the (M+5)th transmission cycle (transmis-
sion cycle Th) and correlation values calculated in the (M+11)
th transmission cycle (transmission cycle Tb) are added
together.

Since correlation values calculated in a transmission cycle
of the first-half transmission cycle and correlation values
calculated in a transmission cycle of the second-half trans-
mission cycle are added together, inter-code interference
depending on the cross-correlation characteristic of the trans-
mission codes Al and A2 and inter-code interference depend-
ing on the cross-correlation characteristic of the transmission
codes —A2 and B1 can be suppressed.

The configurations of the individual units of the radar
transmitter 25 will be described below. The following
description will be directed to a case that switching is made
among the code sequences Al, A2, B1, and B2 every trans-
mission cycle Ta or Tb (all of the parameters Zal, Za2, Zbl,
and Zb2 are equal to 1). However, as already described above,
each of the parameters Zal, Za2, Zb1, and Zb2 is not limited
to 1.

The second code generator 6, the third code generator 7,
and the code inverter 8 operate in the same manners as in the
first embodiment, and hence no descriptions will be made as
to how they operate.

The first code generator 5 and the fourth code generator 54
generate transmission codes for pulse compression of code
sequences A 1 and A2 having the pulse code length La,
respectively. Code sequences Al and A2 which are a pair of
complementary codes are used as these transmission codes
for pulse compression. The first code generator 5 outputs the
generated transmission code of the code sequence Al to the
code inverter 8 and the transmission code switch 95. The
fourth code generator 55 outputs the generated transmission
code of the code sequence A2 to the code inverter 85 and the
transmission code switch 95. In the following, for the sake of
convenience, the transmission code of the code sequence Al
and the transmission code of the code sequence A2 will be
referred to as transmission codes Al and A2, respectively.

The coder inverter 8 receives the transmission code A1 that
is output from the first code generator 5, and generates a
transmission code of a code sequence —A1 which is a sign-
inverted version of the received transmission code Al. The
coder inverter 8 outputs the generated transmission code of
the code sequence —Al1 to the transmission code switch 95. In
the following, for the sake of convenience, the transmission
code of the code sequence —A1 will be referred to as a trans-
mission code —Al.

The coder inverter 85 receives the transmission code A2
that is output from the first code generator 54, and generates
a transmission code of a code sequence —-A2 which is a
sign-inverted version of the received transmission code A2.
The coder inverter 86 outputs the generated transmission
code of the code sequence —A2 to the transmission code
switch 94. In the following, for the sake of convenience, the
transmission code of the code sequence —A2 will be referred
to as a transmission code —A2.

The transmission code switch 95 receives the transmission
codes Al, B1, B2, A2, -Al, and —A2 which are output from
the first code generator 5, the second code generator 6, the
third code generator 7, the fourth code generator 55, the coder
inverter 8, and the code inverter 85, respectively. The trans-
mission code switch 95 switches to (selects) one of the
received transmission codes Al, —Al, A2, -A2, B1, and B2
according to a code switching control signal that is output
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from the transmission code controller 105, and outputs the
selected transmission code to the modulator 11.

The transmission code controller 105 controls the trans-
mission code switch 95 so that it switches to (selects) one of
the plural transmission codes every transmission cycle Ta or
Tb. More specifically, the transmission code controller 105
outputs a code switching control signal indicating how to
switch to (select) one of the plural transmission codes every
transmission cycle Ta or Tb. The transmission code controller
1054 also outputs the code switching control signal to an input
switch 235 of the radar receiver 3.

How the transmission code controller 105 operates will be
described in a specific manner with reference to (a) in FIG. 6.

In the Mth transmission cycle (transmission cycle Ta), the
transmission code controller 105 controls the transmission
code switch 95 so that it outputs the transmission code Al to
the modulator 11. That is, in the Mth transmission cycle
(transmission cycle Ta), the transmission code controller 105
outputs, to the transmission code switch 95, a code switching
control signal to the effect that switching should be made to
the transmission code Al.

Inthe (M+1)th transmission cycle (transmission cycle Th),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
B1 to the modulator 11. That is, in the (M+1)th transmission
cycle (transmission cycle Tb), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code B1.

In the (M+2)th transmission cycle (transmission cycle Ta),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
A2 to the modulator 11. That is, in the (M+2)th transmission
cycle (transmission cycle Ta), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code A2.

Inthe (M+3)th transmission cycle (transmission cycle Th),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
B2 to the modulator 11. That is, in the (M+3)th transmission
cycle (transmission cycle Tb), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code B2.

In the (M+4)th transmission cycle (transmission cycle Ta),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
-Al to the modulator 11. That is, in the (M+4)th transmission
cycle (transmission cycle Ta), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code —Al.

Inthe (M+5)th transmission cycle (transmission cycle Th),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
B1 to the modulator 11. That is, in the (M+5)th transmission
cycle (transmission cycle Tb), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code B1.

In the (M+6)th transmission cycle (transmission cycle Ta),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
-A2to the modulator 11. That is, in the (M+6)th transmission
cycle (transmission cycle Ta), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
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switching control signal to the effect that switching should be
made to the transmission code —A2.

Inthe (M+7)th transmission cycle (transmission cycle Tb),
the transmission code controller 105 controls the transmis-
sion code switch 95 so that it outputs the transmission code
B2 to the modulator 11. That is, in the (M+7)th transmission
cycle (transmission cycle Tb), the transmission code control-
ler 105 outputs, to the transmission code switch 95, a code
switching control signal to the effect that switching should be
made to the transmission code B2.

In the (M+8)th and following transmission cycles, the
transmission codes suitable for the respective transmission
cycles are generated and output to the transmission code
switch 95 repeatedly in units of eight transmission cycles
corresponding to the Mth to (M+7)th transmission cycles
shown in (a) in FIG. 6.

The modulator 11, the LPF 12, the RF transmitter 13, and
the transmission antenna ANTO operate in the same manners
as in the first embodiment, and hence no descriptions will be
made as to how they operate.

Next, the radar receiver 35 will be described.

The radar receiver 34 is configured so as to include the
reception antenna ANT1, an RF receiver 16, and a signal
processor 2056. The RF receiver 16 is configured so as to
include an amplifier 17, a frequency converter 18, and a
quadrature detector 19. The signal processor 205 is config-
ured so as to include an A/D converter 21, an A/D converter
22, an input switch 235, a code inverter 24, a code inverter
24b, a first correlation value calculator 25, a second correla-
tion vale calculator 26, a third correlation vale calculator 27,
a fourth correlation vale calculator 255, first average proces-
sor 28b, a second average processor 29, and an incoming
distance estimator 304.

The reception antenna ANT1, the RF receiver 16, the A/D
converter 21, and the A/D converter 22 operate in the same
manners as in the first embodiment, and hence no descriptions
will be made as to how they operate. The parameter k, repre-
sents discrete times which correspond to the number of
samples of the baseband transmission signal r(n) which is the
source of a high-frequency transmission signal that is trans-
mitted in the Mth, (M+2)th, (M+4)th, or (M+6)th transmis-
sion cycle (transmission cycle Ta) shown in (a) in FIG. 6. The
parameter k, represents discrete times which correspond to
the number of samples of the baseband transmission signal
r(n) which is the source of a high-frequency transmission
signal that is transmitted in the (M+1)th, (M+3)th, (M+5)th,
or (M+7)th transmission cycle (transmission cycle Tb) shown
in (a) of FIG. 2.

In the second embodiment, as shown in (¢) in FIG. 6, the
discrete time k,=1 represents a start time point of the trans-
mission interval Tra of a transmission cycle Ta of a high-
frequency transmission signal generated according to the
transmission code Al, A2, -Al, or —A2. The discrete time
k,=N,La represents an end time point of the transmission
interval Tra of a transmission cycle Ta of a high-frequency
transmission signal generated according to the transmission
code A1,A2, -Al, or -A2. The discrete time k ,=N [.a+Na-1
represents a time point immediately before the end of a trans-
mission cycle Ta of a high-frequency transmission signal
generated according to the transmission code A1, A2, -Al, or
-A2.

On the other hand, as shown in (¢) in FIG. 6, the discrete
time k,=1 represents a start time point of the transmission
interval Trb of a transmission cycle Tb of a high-frequency
transmission signal generated according to the transmission
code B1 or B2. The discrete time k,=N b represents an end
time point of the transmission interval Trb of a transmission
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cycle Tb of a high-frequency transmission signal generated
according to the transmission code B1 or B2. The discrete
time k, =N Lb+Nb-1 represents a time point immediately
before the end of a transmission cycle Tb of a high-frequency
transmission signal generated according to the transmission
code B1 or B2. In (¢) in FIG. 6, for the sake of convenience,
the range of the discrete time k, is shown only for the Mth
transmission cycle and the range of the discrete time k, is
shown only for the (M+3)th transmission cycle.

The radar receiver 3 performs calculations periodically in
such a manner that an 8-cycle transmission cycle (4Ta+4Tb)
comprising the transmission cycles of high-frequency trans-
mission signals generated according to the respective trans-
mission codes A1, B1,A2,B2, -A1,B1, -A2, and B2 is setas
one signal processing interval of the signal processor 204.

The input switch 235 receives the code switching control
signal that is output from the transmission code controller 105
and the complex signal x(k,) or x(k,) which comprises the
in-phase signal and the quadrate signal (digital data) which
are output from the A/D converters 21 and 22. The input
switch 23 outputs the complex signal x(k,) or x(k,) which
comprises the digital data which are output from the A/D
converters 21 and 22, to one of the code inverter 24, the code
inverter 245, the first correlation value calculator 25, the
second correlation value calculator 26, and the third correla-
tion value calculator 27, and the fourth correlation value
calculator 2556 according to the received code switching con-
trol signal.

More specifically, it a code switching control signal to the
effect that switching is about to be made to the transmission
code Al is output from the transmission code controller 105,
the input switch 235 outputs, to the first correlation value
calculator 25, the complex signal x(k,) of the digital data
which are output from the A/D converters 21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code —A1 is output
from the transmission code controller 105, the input switch
23b outputs, to the code inverter 24, the complex signal x(k )
of the digital data which are output from the A/D converters
21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code A2 is output
from the transmission code controller 105, the input switch
23b outputs, to the fourth correlation value calculator 255, the
complex signal x(k,) of the digital data which are output from
the A/D converters 21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code —A2 is output
from the transmission code controller 105, the input switch
23b outputs, to the code inverter 245, the complex signal x(k )
of the digital data which are output from the A/D converters
21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code B1 is output
from the transmission code controller 105, the input switch
23b outputs, to the second correlation value calculator 26, the
complex signal x(k,,) of the digital data which are output from
the A/D converters 21 and 22.

If a code switching control signal to the effect that switch-
ing is about to be made to the transmission code B2 is output
from the transmission code controller 105, the input switch
23b outputs, to the third correlation value calculator 27, the
complex signal x(k,,) of the digital data which are output from
the A/D converters 21 and 22.

The code inverter 24, the first correlation value calculator
25, the second correlation value calculator 26, and third cor-
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relation value calculator 27 operate in the same manners as in
the first embodiment, and hence no descriptions will be made
as to how they operate.

The code inverter 245 inverts the sign (plus or minus) ofthe
baseband complex signal x(k,) that is output from the input
switch 235, and outputs the inverted complex signal —x(k ) to
the fourth correlation value calculator 254.

The fourth correlation value calculator 25 receives the
complex signal x(k,) (digital data) that is output from the
input switch 235 or the complex signal —-x(k,) (digital data)
that is output from the code inverter 245. In the following, for
the sake of convenience, the complex signal x(k ) or -x(k,)
received by the fourth correlation value calculator 255 will be
written as y(k,). Therefore, the complex signal y(k,) is the
complex signal x(k,) or -x(k,).

Like the transmission signal generator 45, the fourth cor-
relation value calculator 256 generates a signal by multiply-
ing the reference signal generated by the reference oscillator
Lo by a prescribed factor. This fourth correlation value cal-
culator 255 does this in synchronism with the transmission
signal generator 4b. In FIG. 5, input of the reference signal to
the fourth correlation value calculator 254 is omitted. The
fourth correlation value calculator 256 generates elements of
the same baseband reference transmission signal r(n) as gen-
erated by the transmission signal generator 45, periodically at
the discrete times k , according to the generated signal.

Furthermore, the fourth correlation value calculator 255
calculates correlation values between the complex signal
y(k,) that is output from the input switch 235 or the code
inverter 245 and the generated reference transmission signal
r(n). In this calculation of correlation values, complex conju-
gate values of the reference transmission signal r(n) are used.

More specifically, in the (M+2)th or (M+6)th transmission
cycle (transmission cycle Ta) shown in FIG. 6, that is, at the
discrete times k,=1 to (Ny,La+Na-1), the fourth correlation
value calculator 255 calculates correlation values AC,(k,)
according to Equation (11). The fourth correlation value cal-
culator 255 outputs the correlation values AC,(k,,) calculated
according to Equation (11) to the first average processor 285.

[Formula 11]

Nola
ACyka) = Y ylko +m =11 (m)

m=1

an

As described above, each of the first correlation value
calculator 25 and the fourth correlation value calculator 2554
performs calculations at the discrete times k,=1 to (N La+
Na-1). Each of the second correlation value calculator 26 and
the third correlation value calculator 27 performs calculations
atthe discrete times k,=1 to (N Lb+Nb-1). However, with an
assumption that the target as a measurement subject of the
radar apparatus 156 exists in a range that is near the radar
apparatus 15, the ranges of the discrete times k, and k, may be
restricted further. With this measure, the calculation amount
of each of the first correlation value calculator 25, the second
correlation value calculator 26, the third correlation value
calculator 27, and the fourth correlation value calculator 255
can be reduced. That is, in the radar apparatus 15, the power
consumption of the signal processor 205 can be reduced.

The first average processor 285 adds together the correla-
tion values calculated according to Equation (6) or (11)
between the reference transmission signals which are the
same as the transmission signals generated according to the
transmission code Al, A2, —A1, or —A2 and the correspond-
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ing reception signals of reflection wave signals in repetitive
(periodic) transmission cycles Ta.

More specifically, the first average processor 285 averages
addition results of the correlation values AC, (k,) or AC,(k,)
calculated according to Equation (6) or (7) in periods of the
discrete times k,=1 to (N,La+Na-1) shown in (¢) in FIG. 6.
The addition by the first average processor 285 is performed
for each discrete time k, of transmission cycles Ta corre-
sponding to each of the Mth, (M+2)th, (M+4)th, and (M+6)th
transmission cycles.

The first average processor 285 may average correlation
values which are addition and averaging results of plural units
of correlation values, each unit comprising correlation values
calculated in four transmission cycles Ta (4Ta) corresponding
to the Mth, M+2)th, (M+4)th and (M+6)th transmission
cycles shown in FIG. 6. With this measure, noise components
occurring around the radar apparatus 15 can be suppressed
and its measurement performance relating to the estimation
of an incoming angle and a distance of a target can be
increased.

The second average processor 29 adds together the corre-
lation values calculated according to Equation (7) or (8)
between the reference transmission signals which are the
same as the transmission signals generated according to the
transmission code B1 or B2 and the corresponding reception
signals of reflection wave signals in repetitive (periodic)
transmission cycles Tb.

More specifically, the second average processor 29 aver-
ages addition results of the correlation values AC,(k,) or
AC,(k,) calculated according to Equations (7) or (8) in peri-
ods of the discrete times k,=1 to (N,Lb+Nb-1) shown in (c)
in FIG. 6. The addition by the second average processor 29 is
performed for each discrete time k, of transmission cycles Tb
corresponding to each of the (M+1)th, (M+3)th, (M+5)th, and
(M+7)th transmission cycles shown in FIG. 2.

That is, the second average processor 29 adds together the
correlation values calculated in transmission cycles Tb cor-
responding to each of the (M+1)th, (M+3)th, (M +5)th, and
(M+7)th transmission cycles. With this measure, noise com-
ponents occurring around the radar apparatus 15 can be sup-
pressed and its measurement performance relating to the esti-
mation of an incoming angle and a distance of a target can be
increased. Furthermore, inter-code inference, if any, occur-
ring because reflection waves of the transmission code A or
- A transmitted in a short transmission cycle Ta are mixed into
a signal in the ensuing long transmission cycle Tb can be
suppressed.

Furthermore, since the transmission codes B1 and B2 are a
pair of codes constituting a complementary code, by virtue of
the second average processor 29, the radar apparatus 16 can
produce a signal in which range sidelobes are suppressed to
low levels.

Still further, the second average processor 29 may average
correlation values which are addition and averaging results of
plural units of correlation values, each unit comprising cor-
relation values calculated in four transmission cycles Ta (4Ta)
corresponding to the (M+1)th, (M+3)th, (M+5)th and (M+7)
th transmission cycles shown in FIG. 6. With this measure,
noise components occurring around the radar apparatus 14
can be suppressed and its measurement performance relating
to the estimation of an incoming angle and a distance of a
target can be increased.

The incoming distance estimator 305 receives the addition
results calculated by the first average processor 285 and the
addition results calculated by the second average processor
29. The incoming distance estimator 305 performs a calcula-
tion for estimating a distance to a target on the basis of the
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received addition results. The calculation for estimating a
distance to a target which is performed by the incoming
distance estimator 305 is a known technique, and can be
realized by referring to the above-mentioned Non-patent
document 1, for example.

For example, the incoming distance estimator 305 deter-
mines a time difference between the high-frequency trans-
mission signal transmission time and a discrete time at which
the correlation values of the addition results calculated by
each of the first average processor 285 and the second average
processor 29 takes a maximum value. Furthermore, the
incoming distance estimator 305 estimates a distance to a
target on the basis of the determined time difference.

As a result, in the radar apparatus 16 according to the
second embodiment, as in the radar apparatus 1 according to
the first embodiment (described above with reference to FI1G.
4), even in the case where inter-code interference occurs
because reflection waves corresponding to a transmission
code transmitted in a short transmission cycle Ta are mixed
into a signal in the ensuing long transmission cycle, such
interference can be suppressed.

Therefore, the reception dynamic range can be narrowed
while the measurement distance range is increased by using a
transmission code having a short code length that is transmit-
ted in short transmission cycles Ta is used for measurement of
a target that is relatively close to the radar apparatus and a
transmission code having a long code length that is transmit-
ted in long transmission cycles Th is used for measurement of
a target that is relatively distant from the radar apparatus.

Furthermore, in the radar apparatus 15, since the measure-
ment time of measurements for all measurement distance
ranges can be shortened, the movement followability of a
measurement of even a moving target can be increased.

More specifically, assume that there is inter-code interfer-
ence between a signal of reflection waves received in the Mth
transmission cycle (transmission cycle Ta) and a high-fre-
quency transmission signal transmitted in the (M+1)th trans-
mission cycle (transmission cycle Tb). The reflection wave
signal received in the Mth transmission cycle (transmission
cycle Ta) is a reflection wave signal of a high-frequency
transmission signal generated according to the transmission
code Al. The high-frequency transmission signal transmitted
in the (M+1)th transmission cycle (transmission cycle Tb) is
a high-frequency transmission signal generated according to
the transmission code B1.

Also assume that there is inter-code interference between a
signal of reflection waves received in the (M+4)th transmis-
sion cycle (transmission cycle Ta) and a high-frequency trans-
mission signal transmitted in the (M+5)th transmission cycle
(transmission cycle Tb). The reflection wave signal received
in the (M+4)th transmission cycle (transmission cycle Ta) is a
reflection wave signal of a high-frequency transmission sig-
nal generated according to the transmission code —Al. The
high-frequency transmission signal transmitted in the (M+5)
th transmission cycle (transmission cycle Tb) is a high-fre-
quency transmission signal generated according to the trans-
mission code B1.

Also assume that there is inter-code interference between a
signal of reflection waves received in the (M+2)th transmis-
sion cycle (transmission cycle Ta) and a high-frequency trans-
mission signal transmitted in the (M+3)th transmission cycle
(transmission cycle Tb). The reflection wave signal received
in the (M+2)th transmission cycle (transmission cycle Ta) is a
reflection wave signal of a high-frequency transmission sig-
nal generated according to the transmission code A2. The
high-frequency transmission signal transmitted in the (M+3)
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th transmission cycle (transmission cycle Tb) is a high-fre-
quency transmission signal generated according to the trans-
mission code B2.

Furthermore, assume that there is inter-code interference
between a signal of reflection waves received in the (M+6)th
transmission cycle (transmission cycle Ta) and a high-fre-
quency transmission signal transmitted in the (M+7)th trans-
mission cycle (transmission cycle Tb). The reflection wave
signal received in the (M+6)th transmission cycle (transmis-
sion cycle Ta) is a reflection wave signal of a high-frequency
transmission signal generated according to the transmission
code —A2. The high-frequency transmission signal transmit-
ted in the (M+7)th transmission cycle (transmission cycle Th)
is a high-frequency transmission signal generated according
to the transmission code B2.

The second average processor 29 adds together the corre-
lation values corresponding to the transmission code B1 that
are calculated at the discrete times k,=1 to (N,Lb+Nb-1) in
the two transmission cycles (two transmission cycles). Fur-
thermore, the second average processor 29 adds together the
correlation values corresponding to the transmission code B2
that are calculated at the discrete times k,=1 to (N,Lb+Nb-1)
in the (M+3)th and (M+7)th transmission cycles (two trans-
mission cycles).

As a result of the addition of the correlation values calcu-
lated in the two transmission cycles, as shown in (¢) in FIG. 4,
a resulting cross-correlation value characteristic has no noise
components. That is, in the radar apparatus 15, since the
correlation values corresponding to the transmission code B1
that are calculated at the discrete times k,=1 to (N,Lb+Nb-1)
in the (M+1)th and (M+5)th transmission cycles (two trans-
mission cycles) are added together, inter-code interference
can be suppressed in signal processing intervals of the signal
processor 205. Furthermore, in the radar apparatus 15, since
the correlation values corresponding to the transmission code
B2 that are calculated at the discrete times k,=1 to (N Lb+
Nb-1) in the (M+3)th and (M+7)th transmission cycles (two
transmission cycles) are added together, inter-code interfer-
ence can be suppressed in signal processing intervals of the
signal processor 205.

Still further, in the radar apparatus 15, since the transmis-
sion cycle of the transmission codes A and —A having the
short code length is set shorter than that of the transmission
codes B1 and B2 having the large code length, the measure-
ment time of measurements for all measurement distance
ranges can be shortened.

Although the various embodiments have been described
above with reference to the accompanying drawings, it goes
without saying that the radar apparatus according to the
invention is not limited to those examples. It is apparent to
those skilled in the art that various changes and modifications
can be conceived without departing from the scope of the
claims, and the technical scope of the invention should natu-
rally encompass them.

Although in the above-described first embodiment the sig-
nal processor 20 of the radar receiver 3 is equipped with the
code inverter 24. However, a configuration is possible in
which the signal processor 20 is not equipped with the code
inverter 24. However, in this case, in calculating correlation
values, the first correlation value calculator 25 inverts the sign
of the complex signal x(k,) (digital data) that is output from
the input switch 23. In this case, the signal processor 20 no
longer needs to be with the code inverter 24 and hence the
configuration of the signal processor 20 can be simplified.
This also applied to the second embodiment in the same
manner.
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Although in the above-described first embodiment the sig-
nal processor 20 of the radar receiver 3 is equipped with the
code inverter 24. However, a configuration is possible in
which the signal processor 20 is not equipped with the code
inverter 24. However, in this case, in doing averaging, the first
average processor 28 inverts the sign of the correlation values
AC, (k) that are output from first correlation value calculator
25. In this case, the signal processor 20 no longer needs to be
with the code inverter 24 and hence the configuration of the
signal processor 20 can be simplified. This also applied to the
second embodiment in the same manner.

In the first and second embodiments, code sequences B1
and B2 which are a pair of code sequences constituting a
complementary code are used as the pulse compression codes
for a long-distance range. However, the pulse compression
codes for a long-distance range are not limited to code
sequences B1 and B2 which are a pair of code sequences
constituting a complementary code. For example, a code
sequence C such as a Barker code sequence, an M-sequence
code, or the like having a greater code length than the code
sequence A may be used. Two examples using a transmission
code of a code sequence C will be described below with
reference to FIGS. 9-12. For the sake of convenience, a trans-
mission code of the code sequence C will be will be referred
to as a transmission code C.

Example 1 using transmission code C

FIG. 9 is a timing chart illustrating how a radar apparatus
1c operates in which a code sequence C that is not one of code
sequences constituting a complementary code is used as a
code sequence having a large code length. In FIG. 9, (a) is an
explanatory diagram showing transmission cycles Ta, trans-
mission cycles Tb, and transmission codes used in the respec-
tive transmission cycles. In FIG. 9, (b) is an explanatory
diagram showing measurement intervals. In FIG. 9, (¢) is an
explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k , and k,, respec-
tively. FIG. 10 is a block diagram showing the internal con-
figuration of the radar apparatus 1c.

Referring to FI1G. 9, one or more transmission cycles Tb for
transmission of high-frequency transmission signals gener-
ated according to the transmission code C are provided
instead of the transmission cycles Tb for transmission of
high-frequency transmission signals generated according to
the transmission codes B1 and B2 (see FIG. 2). The range of
the discrete times k, shown in FIG. 9 is the same as that of the
discrete times k, used in the first embodiment (see FIG. 2).

In a radar transmitter 2¢ shown in FIG. 10, a transmission
code A generated by a first code generator 5, an inverted
transmission code —A produced by a code inverter 8, a trans-
mission code C generated by a fifth code generator 5¢, and an
inverted transmission code —C produced by a code inverter 8
are input to a transmission code switch 9c.

When a code switching control signal to the effect that
switching is about to be made to the transmission code C is
output from a transmission code controller 10c, an input
switch 23¢ of a radar receiver 3¢ outputs, to a fifth correlation
value calculator 25¢, a complex signal x(k, ) (digital data) that
is output from A/D converters 21 and 22.

When a code switching control signal to the effect that
switching is about to be made to the transmission code -C is
output from the transmission code controller 10¢, the input
switch 23¢ outputs, to a code inverter 24¢, a complex signal
x(k,) (digital data) that is output from the A/D converters 21
and 22. The fifth correlation value calculator 25¢ and a second
average processor 29¢ operate in the same manners as the first
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correlation value calculator 25 and the first average processor
28 used in the first embodiment, respectively, and hence no
descriptions will be made as to how they operate.

As such, the radar apparatus 1c¢ can provide the same
advantages as the above-described radar apparatus 1 accord-
ing to the first embodiment.

Example 2 using transmission code C

FIG. 11 is a timing chart illustrating how a radar apparatus
1d operates in which a code sequence C that is not one of code
sequences constituting a complementary code is used as a
code sequence having a large code length. In FIG. 11, (a) is an
explanatory diagram showing transmission cycles Ta and
transmission cycles Tb. In FIG. 11, (b) is an explanatory
diagram showing measurement intervals. In FIG. 11, (¢) is an
explanatory diagram showing relationships between trans-
mission cycles Ta and Th and discrete times k, and k,, respec-
tively. FIG. 12 is a block diagram showing the internal con-
figuration of the radar apparatus 1d.

Referring to FIG. 11, one or more transmission cycles Tb
for transmission of high-frequency transmission signals gen-
erated according to the transmission code C are provided
instead of the transmission cycles Tb for transmission of
high-frequency transmission signals generated according to
the transmission codes B1 and B2 (see FIG. 6). The range of
the discrete times k, shown in FIG. 11 is the same as that of
the discrete times k, used in the second embodiment (see FIG.
6).

In a radar transmitter 2d shown in FIG. 12, a transmission
code Al generated by a first code generator 5, an inverted
transmission code —Al produced by a code inverter 8, a
transmission code A2 generated by a fourth code generator
5b, an inverted transmission code —A1 produced by a code
inverter 8, a transmission code C generated by a fifth code
generator 5¢, and an inverted transmission code —C produced
by acode inverter 8 are input to a transmission code switch 94.

When a code switching control signal to the effect that
switching is about to be made to the transmission code C is
output from a transmission code controller 104, an input
switch 234 of a radar receiver 3d outputs, to a fifth correlation
value calculator 25¢, a complex signal x(k, ) (digital data) that
is output from A/D converters 21 and 22.

When a code switching control signal to the effect that
switching is about to be made to the transmission code -C is
output from the transmission code controller 10c, the input
switch 234 outputs, to a code inverter 24¢, a complex signal
x(k,) (digital data) that is output from the A/D converters 21
and 22. The fifth correlation value calculator 25¢ and a second
average processor 29¢ operate in the same manners as the first
correlation value calculator 25 and the first average processor
28 used in the first embodiment, respectively, and hence no
descriptions will be made as to how they operate.

As such, the radar apparatus 14 can provide the same
advantages as the above-described radar apparatus 1 accord-
ing to the first embodiment.

The present application is based on the Japanese Patent
Application No. 2010-195971 filed on Sep. 1, 2010, the dis-
closure of which is incorporated herein by reference.

INDUSTRIAL APPLICABILITY

The radar apparatus according to the invention can sup-
press inter-code interference, if any, due to mixing of reflec-
tion waves of a transmission code having a short transmission
cycle into a signal in the ensuing, long transmission cycle.
This makes it possible to use a transmission code having a
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short code length for measurement of a target that is relatively
close to the radar device by sending it in short transmission
cycles and to use a transmission code having a large code
length for measurement of a target that is relatively distant the
radar device by sending it in long transmission cycles. This
makes it possible to suppress the reception dynamic range
while increasing the measurement distance range. The radar
apparatus according to the invention is useful as a radar appa-
ratus which can shorten a measurement time that is necessary
for a measurement involving plural measurement distance
ranges.

DESCRIPTION OF SYMBOLS

1, 15, 1 ¢, 1d: Radar apparatus

2, 2b, 2¢, 2d: Radar transmitter

3, 3b, 3¢, 2d: Radar receiver

4, 4a, 4b, 4c, 4d: Transmission signal generator
5: First code generator

5b: Fourth code generator

5¢: Fifth code generator

6: Second code generator

7: Third code generator

7a: Transmission code storage

8, 85, 8¢: Code inverter

9, 95, 9¢, 9d: Transmission code switch
10, 105, 10c¢, 10d: Transmission code controller
11: Modulator

13: RF transmitter

14, 18: Frequency converter

15, 17: Amplifier

16: RF receiver

19: Quadrature detector

20, 205, 20¢, 20d: Signal processor

21, 22: A/D converter

23, 23b, 23c¢, 23d: Input switch

24, 245b, 24¢: Code inverter

25: First correlation value calculator
25b: Fourth correlation value calculator
25¢: Fifth correlation value calculator
26: Second correlation value calculator
27: Third correlation value calculator
28, 28b: First average processor

29, 29¢, 29d: Second average processor
30, 305: Incoming distance estimator
ANTO: Transmission antenna

ANT1: Reception antenna

Lo: Reference oscillator

Ta, Tb: Transmission cycle

Tra, Trb: Transmission interval

What is claimed is:

1. A radar apparatus comprising:

a transmission signal generator which generates a first
transmission signal in a first transmission cycle by
modulating a first code sequence, generates a second
transmission signal in a second transmission cycle by
modulating a second code sequence, generates a third
transmission signal in a third transmission cycle having
the same length as the first transmission cycle by modu-
lating a third code sequence that is obtained by multi-
plying the first code sequence and -1, and generates a
fourth transmission signal in a fourth transmission cycle
by modulating the second code sequence; and

an RF transmitter which converts the first, second, third,
and fourth transmission signals generated by the trans-
mission signal generator into respective high-frequency
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transmission signals, and transmits the high-frequency transmission cycle by modulating the sixth code
transmission signals from a transmission antenna. sequence, and generates a 12th transmission signal in a
2. The radar apparatus according to claim 1, wherein the 12th transmission cycle which is located between the
second code sequence has a fourth code sequence and a fifth 11th transmission cycle and the fourth transmission
code sequence which are complementary to each other; 5 cycle and has the same length as the first transmission
wherein in the transmission signal generator, the second cycle by modulating seventh code sequence; and
transmission signal is a signal obtained by modulating wherein the RF transmitter converts the ninth 10th, 11th
the fourth code sequence, and the fourth transmission and 12th transmission signals generated by the transmis-
signal is a signal obtained by modulating the fourth code sion signal generator into respective high-frequency
sequence; 10 transmission signals, and transmits the high-frequency
wherein the transmission signal generator generates a fifth transmission signals from the transmission antenna.
transmission signal in a fifth transmission cycle that is 5. The radar apparatus according to claim 4, wherein a code
located between the second transmission cycle and the length of the fourth, fifth and eighth code sequences is shorter
third transmission cycle and has the same length as the than a code length of the sixth and seventh code sequences.
second transmission cycle by modulating the fifth code 15 6. The radar apparatus according to claim 4, further com-
sequence, and generates a sixth transmission signal in a prising:
sixth transmission cycle that is located after the fourth an RF receiver which converts reflection wave signals of

transmission cycle and has the same length as the fourth
transmission cycle by modulating the fifth code
sequence; and

wherein the RF transmitter converts the fifth and sixth

transmission signals generated by the transmission sig-
nal generator into respective high-frequency transmis-
sion signals, and transmits the high-frequency transmis-

the fifth, sixth, seventh, eighth, ninth, 10th, 11th and
12th transmission signals into baseband reception sig-
nals;

an input switch which selectively outputs the reception

signal produced by the RF receiver by converting the
reflection wave signal of one of the fifth, sixth, seventh,
eighth, ninth, 10th, 11th and 12th transmission signals;

a first correlation value calculator which calculates first
correlation values between the reception signal that is
output from the input switch as corresponding to the fifth
transmission signal and the fifth transmission signal
generated by the transmission signal generator, and cal-

sion signals from the transmission antenna. 25
3. The radar apparatus according to claim 2, wherein the
first code sequence has a sixth code sequence and a seventh
code sequence which are complementary to each other;
wherein the third code sequence has an eighth code

transmission signals generated by the transmission sig-
nal generator into respective high-frequency transmis-
sion signals, and transmits the high-frequency transmis-
sion signals from the transmission antenna.

sequence which is obtained by multiplying the sixth 30 culates second correlation values between the reception
code sequence and -1 and a ninth code sequence which signal that is output from the input switch as correspond-
is obtained by multiplying the seventh code sequence ing to the ninth transmission signal and the ninth trans-
and -1; mission signal generated by the transmission signal gen-
wherein in the transmission signal generator, the first trans- erator;
mission signal is a signal obtained by modulating the 35  asecond correlation value calculator which calculates third
sixth code sequence, and the third transmission signal is correlation values between the reception signals that are
a signal obtained by modulating the ninth code output from the input switch as corresponding to the
sequence; sixth and 10th transmission signals and the sixth or 10th
wherein the transmission signal generator generates a sev- transmission signal generated by the transmission signal
enth transmission signal in a seventh transmission cycle 40 generator;
that is located between the first transmission cycle and a third correlation value calculator which calculates fourth
the second transmission cycle and has the same length as correlation values between the reception signals that are
the first transmission cycle by modulating the seventh output from the input switch as corresponding to the
code sequence, and generates an eighth transmission eighth and 12th transmission signals and the eighth or
signal in an eighth transmission cycle that is located 45 12th transmission signal generated by the transmission
between the fifth transmission cycle and the third trans- signal generator; and
mission cycle and has the same length as the third trans- a fourth correlation value calculator which calculates fifth
mission cycle by modulating the sixth code sequence; correlation values between the reception signal that is
and output from the input switch as corresponding to the
wherein the RF transmitter converts the seventh and eighth 50 seventh transmission signal and the seventh transmis-

sion signal generated by the transmission signal genera-
tor, and calculates sixth correlation values between the
reception signal that is output from the input switch as
corresponding to the 11th transmission signal and the

4. The radar apparatus according to claim 3, wherein 55

the transmission signal generator generates a ninth trans-
mission signal in a ninth transmission cycle which is
located after the seventh transmission cycle and has the
same length as the first transmission cycle by modulat- a first code inverter which inverts the sign of the ninth
ing the sixth code sequence, generates a 10th transmis- 60 transmission signal that is output from the input switch;
sion signal in a 10th transmission cycle which is located and
between the ninth transmission cycle and the second a second code inverter which inverts the sign of the 11th
transmission cycle and has the same length as the third transmission signal that is output from the input switch.
transmission cycle by modulating the ninth code 8. The radar apparatus according to claim 7, further com-
sequence, generates an 11th transmission signal in an 65 prising:
11th transmission cycle which is located after the third a first average processor which adds together the first cor-
transmission cycle and has the same length as the first relation values and the second correlation values calcu-

11th transmission signal generated by the transmission
signal generator.
7. The radar apparatus according to claim 6, further com-
prising:
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lated by the first correlation value calculator, and adds
together the fifth correlation values and the sixth corre-
lation values calculated by the fourth correlation value
calculator; and

a second average processor which adds together the third
correlation values calculated by the second correlation
value calculator and the fourth correlation values calcu-
lated by the third correlation value calculator.

9. The radar apparatus according to claim 8, further com-

prising:

an incoming distance estimator which calculates an incom-
ing distance of a target on the basis of an addition cal-
culation result of the first average processor and an addi-
tion calculation result of the second average processor.

10. The radar apparatus according to claim 3, wherein a

code length of the fourth, fifth, eighth and ninth code
sequences is shorter than a code length of the sixth and sev-
enth code sequences.

11. The radar apparatus according to claim 3, further com-

prising:

an RF receiver which converts reflection wave signals of
the first, third,

fifth, sixth, seventh and eighth transmission signals into
baseband reception signals;

an input switch which selectively outputs the reception
signal produced by the RF receiver by converting the
reflection wave signal of one of the first, third, fifth,
sixth, seventh and eighth transmission signals;

a first correlation value calculator which calculates first
correlation values between the reception signal that is
output from the input switch as corresponding to the first
transmission signal and the first transmission signal gen-
erated by the transmission signal generator, and calcu-
lates second correlation values between the reception
signal that is output from the input switch as correspond-
ing to the third transmission signal and the third trans-
mission signal generated by the transmission signal gen-
erator;

asecond correlation value calculator which calculates third
correlation values between the reception signals that are
output from the input switch as corresponding to the fifth
and seventh transmission signals and the fifth or seventh
transmission signal generated by the transmission signal
generator; and

a third correlation value calculator which calculates fourth
correlation values between the reception signals that are
output from the input switch as corresponding to the
sixth and eighth transmission signals and the sixth or
eighth transmission signal generated by the transmis-
sion signal generator.

12. The radar apparatus according to claim 11, further

comprising:

a code inverter which inverts the sign of the third transmis-
sion signal that is output from the input switch.

13. The radar apparatus according to claim 12, further

comprising:

a first average processor which adds together the first cor-
relation values and the second correlation values calcu-
lated by the first correlation value calculator; and

a second average processor which adds together the third
correlation values calculated by the second correlation
value calculator and the fourth correlation values calcu-
lated by the third correlation value calculator.

10

25

35

40

45

55

38

14. The radar apparatus according to claim 13, further
comprising:

an incoming distance estimator which calculates an incom-

ing distance of a target on the basis of an addition cal-
culation result of the first average processor and an addi-
tion calculation result of the second average processor.

15. The radar apparatus according to claim 14, further
comprising:

an A/D converter which converts the reception signal pro-

duced by the RF receiver into digital data.

16. The radar apparatus according to claim 1, wherein

the first code sequence has a sixth code sequence and a

seventh code sequence which are complementary to
each other;
wherein the third code sequence has an eighth code
sequence which is obtained by multiplying the sixth
code sequence a -1, and a ninth code sequence which is
obtained by multiplying the seventh code sequence and
-1 ;

wherein in the transmission signal generator, the first trans-
mission signal is a signal obtained by modulating the
sixth code sequence, and the third transmission signal is
a signal obtained by modulating the eighth code
sequence;

wherein the transmission signal generator generates 13th

transmission signal in a 13th transmission cycle that is
located after the first transmission cycle and has the
same length as the second transmission cycle by modu-
lating the second code sequence, generates a 14th trans-
mission signal in a 14th transmission cycle that is
located after the 13th transmission cycle and has the
same length as the first transmission cycle by modulat-
ing the seventh code sequence, generates a 15th trans-
mission signal in a 15th transmission cycle that is
located after the fourth transmission cycle and has the
same length as the first transmission cycle by modulat-
ing the ninth code sequence of the third code sequence,
and generates 16th transmission signal in a 16th trans-
mission cycle that is located after the 15th transmission
cycle and has the same length as the second transmission
cycle by modulating the second code sequence; and
wherein the RF transmitter converts the 13th, 14th, 15th
and 16th transmission signals generated by the transmis-
sion signal generator into respective high-frequency
transmission signals, and transmits the high-frequency
transmission signals from the transmission antenna.

17. The radar apparatus according to claim 16, wherein the
second code sequence has a fourth code sequence and a fifth
code sequence which are complementary to each other; and

wherein in the transmission signal generator, the second

transmission signal is a signal obtained by modulating
the fifth code sequence, the fourth transmission signal is
a signal obtained by modulating the fourth code
sequence, the 13th transmission signal is a signal
obtained by modulating the fourth code sequence, and
the 16th is a signal obtained by modulating the fifth code
sequence.

18. The radar apparatus according to claim 17, wherein a
code length of the fourth, fifth, sixth and seventh code
sequences is shorter than a code length of the second code
sequence.

19. The radar apparatus according to claim 1, wherein

the first and third transmission cycles are shorter than the

second and fourth transmission cycles.

20. The radar apparatus according to claim 1, wherein a
first code length of the first code sequence is shorter than a
second code length of the second code sequence.

#* #* #* #* #*



